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ABSTRACT 

The infrared spectra of polycrystalline 
hexamethylenetetramine-h, 5 and -d, > at 300 and 100°K have 
been recorded between 200 and 4000 em}, The Raman spectra 
of hexamethylenetetramine-h, 5 and -d55 in polycrystalline, 
Single crystal and solution form have been recorded at 
room temperature between 50 and 4000 cm™?, The existing 
vibrational assignments for hexamethylenetetramine-h, 5 
have been modified, and the vibrational spectra of 
hexamethylenetetramine-d, , have been assigned for the first 
time. The assignment for the two molecules have been shown 
to be mutually consistent by a normal coordinate analysis 
on hexamethylenetetramine-h, , and “d15 and an assignment 
based on these, calculations is presented. Peaks due to the 
longitudinal optic components of the F, modes have been 


identified in the Raman spectra of hexamethylenetetramine- 


h and -d and the dielectric constants of the two 


i bps i hg 
isotopic species have been determined using the Lyddane- 
Sachs-Teller relation. 

The infrared spectra of the hydrates and 
deuterates of hexamethylenetetramine-h, , and ~d45 atero0gk 
were studied between 10 and 4000 cm >, The peaks due to 
the intramolecular vibrations of hexamethylenetetramine 
are assigned by comparison with the spectra of pure, solid 


hexamethylenetetramine, and the splitting of the F, modes 
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due to the reduced symmetry in the hydrate is discussed. 
The spectral features due to intramolecular and 

intermolecular vibrations of the water molecules are 

discussed. Three peaks due to Voy (HDO) and V op (HBO) were 


seen and their assignment is discussed in relation to the 


nature of the proton acceptor. The effect of intermolecular 


and intramolecular coupling on the shape of the Voy (#2) 
and Vop (P59) bands is shown to be much smaller than in 
ice I and this has allowed the features of the Voy (H29) 
and Vop (29°) bands to be assigned. The Vp (H,0) and Vp (D509) 
bands were found to be richer in detail than the corres- 
ponding bands in disordered ice phases. The effect of the 
partial order of the water molecules on the behaviour of 
one of the components of the Vp (H50) band is discussed. 
The far infrared spectrum is discussed in terms 
of the theory of translational vibrations of orientation- 
ally disordered solids. The validity of the theory for 
partially disordered solids is experimentally established. 
One peak is assigned to a rotational vibration of the 
hexamethylenetetramine molecule. Three more are found to 
arise from modes to which the translational vibrations of 


hexamethylenetetramine contribute. 
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Chapter th, Tneroduction. 


is) Genera lei ntroduction. 
The subjects of this thesis are the infrared and 
Raman spectra of hexamethylenetetramine-h, , and dio (here- 


after referred to as HMT-h, 5 and HMT-d, 5 respectively) and 


the infrared spectra of the hydrates of HMT-h, and of HMT-d,.- 
in Section Is2*the basic principles of ‘vibrations in ¢rystals 
and their interaction with light are presented and the terms 

to be used later are defined. In Section I.3 the previous 
work on HMT hydrate is reviewed, and in Section I.4 the 
structures and vibrational spectra of the polymorphs of ice 
are discussed because the interpretation of the spectra of 

the hydrate draws heavily on the information gained from the 
Spectrawot ‘the ices 7’ ™ in Section /P.5 *the previous work “on 


the structure and vibrational spectra of HMT is reviewed. 


The aims of the present study are presented in Section 1.6. 


hel *VPbraLions an Crystals. 


For the purpose of the following discussion, the 
symmetry elements of a crystal can be regarded as dividing 
into two types. One type is derived from the translational 
symmetry of the crystal and the second type is based on the 
proper or improper rotational symmetry elements (1). Because 
of the translational symmetry, vibrations in a crystal are 


usually described as displacement waves propagating through 
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the crystal with characteristic wavelengths and frequencies 
(2, 3)ee6 Inisthe«<divections of the.axes. of «the Wigner-Seitz 
Gell pawhichydisita. primitive, unit,.cell defined in ya specific 
way (1), the wavelengths can take certain (2,3) values 
between the dimension of the crystal Njt; and twice the 
primitive translation 2t., where N; is the number of cells 
in the direction i and t; us sthe, primitive. translation fn 
the samedi rection «(2,3)..,. Usually the wave-vector of a 
vibration is used instead of its wavelength to describe its 
spatial periodicity, the direction of the vector being the 
propagation direction of the vibration wave, and the magnitude 
being the reciprocal of its wavelength (2). 

If nN atoms are present in a crystal, where n is 
the number of atoms per unit cell and N is the number of 
Unitycells insthe crystal, the crystal has. 3nN degrees ‘of 
freedom. 3nN-3 of these are vibrations, characterized by 
the fact that the center of mass of the crystal does not 
move during the motion and the remaining three are pure 
translations of the whole crystal. A graph on which the 
frequencies of the vibrations are plotted against their wave- 
vector is called a dispersion curve diagram. One such graph 
must be made for each propagation direction. For each value 
of the wave-vector there are 3n frequencies and thus there 
are 3n curves or branches on the dispersion curve diagram. 
Three of these branches have zero frequency at zero wave- 
vector, corresponding to the three pure translations of the 


crystal and are called the acoustic branches. The remaining 
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3n-3 branches have a finite frequency when the wave-vector 

is zero and are called optic branches. The dispersion curves 
can be calculated, to some approximation and with empirical 
help, from theoretical considerations and can be measured 
from inelastic neutron scattering experiments on single 
crystals. From the dispersion curves the density of states 
curve can be calculated and this curve yields the number of 
vibrations per unit interval of frequency. 

If m p-atomic and s monoatomic species are present 
in a unit cell, 3m branches*soriginate from rotational vib- 
rations, m(3p-6) branches are due to intramolecular vibrations 
and 3(m+s) branches, three of which are acoustic branches, 
are due to translational vibrations. The translational and 
rotational vibrations are often called intermolecular or 
lattice or external vibrations. The frequencies of the 
intermolecular vibrations are greatly dependent on the wave- 
vector, while those of the intramolecular vibrations are 
much less dependent on it. 

From sthe jperiodic property of vibrations in crystals 
a very important set of selection rules results. These are 
usually called the wave-vector selection rules. It can be 
shown (4-6) that the interaction energy over the whole 
crystal between an electromagnetic wave and a displacement 
wave is zero unless the two waves have the same wavelength 
and propagate in the same direction. Therefore, in order 


for a vibration to be infrared active, the two waves must 
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have the same wave-vector i.e. Ky = ke where Ky is the 
wave-vector of the light and k, USetne wave-Veccor. O72 ce 
displacement wave. The wavelength of infrared light is of 
the order of 10,000 ne which is much greater than the size of 
normal unit cells. Therefore for crystals with short range 
forces, vibrations with Sie ky have essentially the same 
frequencies as those with k, = 0. In the latter the dis- 
placements occurring in one unit cell are duplicated in all 
other cells, so one need only consider the vibrations in one 
unit cell to study the vibrations active in absorption. 
This is an approximation, but the only evidence identified 
to date against its validity is the fact that, in finite 
crystals, the longitudinal optic (LO) modes can appear in 
the infrared spectrum as well as the transverse optic (TO) 
modes. In infinite crystals only the TO modes, whose dipole 
moment change is parallel to the electric vector of the 
light, are infrared active, while the LO modes, whose dipole 
moment derivative is perpendicular to the electric vector 
of the light, are infrared inactive. 

The analogous wave-vector selection rule for the 
Raman effect is k. = K, - Ko where kK is the wave-vector 
Ole tice VLOLaAtLon, K, is the wave-vector of the incident 
light and K, is the wave-vector of the scattered light (6). 
K, and K, have magnitudes of the order of 1074 a ~7, as does 
the difference between them, i.e. koe Thus the wavelength 


of the Raman active vibrations is much greater than the unit 
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cell size, and for vibrations determined only by short range 
forces, the approximate rule Kk, = 0 can be used. For both 
infrared and Raman spectra these selection rules mean that 
the number of vibrations active as fundamental transitions 
is of the order of the number of atoms in one unit cell, 
rather than the number of atoms in the crystal. 

A complication arises in the present work from the 
fact that the wave-vector of Raman active vibrations is not 
exactly zero. Vibrations that are triply degenerate at 
zero wave-vector and absorb and Raman-scatter light are not, 
in fact, triply degenerate when Le # 0. Long range forces, 
arising from the dipole moment change accompanying these 
vibrations, raise the frequency of the longitudinal mode 
above that of the doubly degenerate transverse mode which is 
simply due to mechanical forces in the crvstal (3,4,7,8). 
Both the longitudinal and transverse modes are Raman active, 
and a doublet is seen in the Raman spectrum, provided that 
the frequencies of the LO and TO modes are sufficiently 
different to be resolved, while only a single peak is seen 
in the infrared spectrum (Section III. 5). 

The wave-vector selection rules are not sufficient 
to determine whether a vibration is infrared or Raman active. 
Many vibrations with zero wave-vector do not cause the dipole 
moment or polarizability change that is required for infrared 
or Raman activity, respectively. To determine which vib- 
rations do cause such changes, the vibrations of one unit 


cell must be analyzed using group theoretical methods. Two 
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approaches have been proposed to carry out a group theo- 
Peticaleanalysis Of the vibrations in a crystal. Halford 
(9) developed the site group approach; the factor group 
approach was originally proposed by Bhagavantam and 
Venkatarayudu (10,11,25) and was modified by Hornig (12) 

and by Winston and Halford (13). Both methods require a 
knowledge of the symmetry of the sites occupied by all 
species present in the crystal. The site group is the group 
formed by those symmetry elements which leave the site in- 
variant. The site group of each species can be found, if a 
detailed crystal structure is known, by inspection of the 
Internatrongl Tables» for ix-ray “Crystallography (14)..5 Lf 
the site group symmetry is not known for all species in the 
crystal, it can sometimes be correctly deduced from the fact 
that the site group must be a subgroup of the space group 
and of the molecular point group, and that the centers of 
mass of equivalent species present in the crystal must 
occupy complete sets of sites of a given symmetry. But one 
must know the space group and the number of formula units 
per unit cell before attempting this. 

The basic assumption of the site group analysis 
is that only negligible interaction takes place between the 
vibrations of different molecules in a unit cell. The ir- 
reducible representations of the internal modes of a molecule 
Or ion under the site group can be determined by standard 


methods (15). Alternatively, if the irreducible represen- 
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tations of the vibrations under the point group of the free 
species are known, the irreducible representations under 

the site group can easily be derived from correlation tables 
(15), which correlate the irreducible representations under 
one group with those under its subgroups. It must be 
emphasized that the site group analysis is an approximation 
of limited utility. It neglects the dynamical internolecular 
coupling in the unit cell. It is also unable to analyze the 
intermolecular vibrations, therefore the site group analysis 
should be regarded only as a first step in the factor group 
analysis. 

The term 'factor group analysis' is an unfortunate 
one, although very widely used, because it implies that the 
factor group is used in the analysis, whereas it is the unit 
cell group that is used whenever a meaningful distinction 
exists. The term arose from inconsistencies in the definition 
of the factor group and of the unit cell group that have 
recently been claritied {16,1/). The factor group 1s “usually 
defined as “the group formed by the cosets of the invariant 
Subgroup Of pure translations in the space group” (16). 

The invariant subgroup of pure translations is formed by 
the infinite (for an infinite crystal) number of elements 
which are symbolized by (E/t). This symbolism is due to 
Koster (18), and t represents the infinite combinations of 
primitive translations and (E/t) represents the collection 


of operations defined as the identity operation followed by 
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one of the translations. The cosets of the group of primitive 
translations are given by (E/t) (R,/t'), (E/t) (R,/t"), Stately 


(E/t) (R\/t'), where R R 


Le aa 


rotational symmetry elements in the space group and t' rep- 


R, are the proper and improper 


resents one element of the collection t. It is clear that 
the factor group is a group whose elements each contain an 
infinite number of elements and is of theoretical rather 
than practical significance in the analysis of vibrations 
(T6017) % 

The unit cell group is defined as the group formed 
by the elements of the space group modulo any combination of 
primitive translations (16,19,20). That is, if the elements 
of the space group are (R,/t), (R,/t), -+-(R/t), where 
Rj Ro, ee Ro and t have the same meaning as above, the 
unit cell group is defined as the group formed by the 
elements (R,/0), (R,/O), -+- (R/O). The unit cell group is 
isomorphous with one of the 32 crystallographic point groups 
and with the factor group. The irreducible representations 
formed by the vibrations in a crystal can thus be determined 
from a knowledge of the occupied sites simply by using the 
character tables for the point group of the crystal class, 
or by using the tables which correlate the irreducible 
representations under the site group with those under the 
point group,of the crystal class. Either of these procedures 
is commonly called factor group analysis, or, less commonly, 


unit cell group analysis. 
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The term unit cell group analysis is preferable 
to the term factor group analysis and will be used through- 
out this thesis for the following reason. When one con- 
structs symmetry coordinates, which are symmetry-adapted 
linear combinations of the displacements of each molecule, 
for the unit cell, one must examine the relation between 
individual symmetry elements in one unit cell and the atomic 
or molecular units in the unit cell. These individual sym- 
metry elements form the unit cell group, not the factor 
group, in which each element contains an infinite number of 
symmetry operations. 

For non-symmorphic space groups (those containing 
screw axes and glide planes) some of the symmetry elements 
involve a sub-primitive translation. In such cases the unit 
cell group contains admixtures of elements of the type 
(R;/0) with those of the type (R;/(a/2)), and only forms a 
group modulo the appropriate primitive translations. That 
is, any symmetry operation which transforms the Aee site 
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site in a neighboring cell is 
regarded as transforming it to the ko Site in the original 
cell. 

Two methods are available to carry out a unit 
cell qroupyanalysis..of the vibrations inva crystals sThe 
original method is due to Bhagavantam and Venkatarayudu 
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tribution for the operation (these values have been tab- 
ulated (25)). An atom is considered unshifted if the 
effect.of the symmetry operation is.to shift it into an 
equivalent position in any unit cell of the crystal. This 
procedure, which is analogous to the point group analysis 
of an isolated molecule, gives the characters of the re- 
ducible representations for all vibrations of zero-wave- 
vector in the crystal. This reducible representation can 
be reduced in the usual (15) way to give the total irreduc- 


ible representation [. The representation formed by 


total 


the translational vibrations, a Peay is obtained by 
applying the same methods to the translational displacements 
of all species in the crystal. The representation, ae 
formed by the rotational vibrations is obtained by applying 
the same procedure to the rotational displacements of the 
polyatomic species. Finally, the representations of the 
intramolecular vibrations can be obtained by subtracting 
trans. anid Prot. arom Teotal’ 

This method is rather cumbersome because it is 
often difficult to visualize the effect of all symmetry 
operations on all particles in a unit cell. The most 
commonly used method is the correlation method (12,13). The 
representations formed by all free species under their own 
point group are first obtained. Next, the representations 


under the Site group are obtained by inspection of the cor- 


refation tables) (15). “Bhisestep amounts to Carrying out a 
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Site group analysis. Finally, the representations under 
the unit cell group can be obtained by inspection of the 
same correlation tables. Although some good presentations 
of the method are available (21-24), the procedure will be 
illustrated=by+carrying CUt a unit cell group analysis on 
the tetragonal phase of adamantane. 

Adamantane belongs to the point group Ty (OAS teeshe 
in its low temperature modification, crystallizes in the 
é,Da 


1 2d 


(27). The center of gravity of each adamantane molecule 


space group P42 , with two molecules in the unit cell 


occupies a site of symmetry S, (27,14). Under the molecular 


point+group- T the intramolecular vibrations of adamantane 


ol’ 
form the representation SA, + A, reno Ey, ot TF) ots 11F, (alley 


The translational degrees of freedom form the representation 


FE, and the rotational degrees of freedom form the represen- 


tation Fl- The following correlation is therefore obtained 


for all possible vibrations of the two molecules in the 


tetragonal unit cell. 
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The symbols in brackets designate the number of rotational 
(R) and translational (T) vibrations in each representation. 


Therefore, the above representation can be broken down as 


follows: 
ace = 18A, + 18A, ~ 18B, + 18B., + 36E 
D erens. 3 2h) J 25 + 25 
rot. % Sy ES # GE 


Three of the six translational vibrations correspond to all 
molecules in the crystal translating in phase in the three 
crystallographic directions. These are the three zero- 
frequency, zero-wave-vector, acoustic modes. They are not 
genuine vibrations, and their representation, which is the 


representation, B, + E, of the three translational unit 


2 
vectors, should be subtracted from the total representation. 
The representations formed by the genuine translational 


vibrations are therefore: 


anes ji a) wis 


An inspection of the character table for the point group 


Dog indicates (15720) "that che B, and E vibrations are 


active in the infrared, while the A B. and E vib- 


ey eS 


1! 
rations are active in the Raman effect. 

The representations formed by symmetrically 
complete sets of internal coordinates can also be obtained 


by the same method. The representations formed by the 


internal coordinates of adamantane under the point group 
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T, are given below: 


d 

C-H stretch 1A, +1F, 
CH, stretch 1A, +LE+1F)+2F, 
C-H deformation ial 1F,+1F, 
CH, deformation 1A, +1E +1F, 
CH. wag IF, +1F, 
CH. twist 1A, +1E+1F, 

CH, rock 1F,+1F, 
C-C stretch 1A, +1E+1P)+2F., 
C-C-C deformation 1A, +1E+1F)+2F. 


These representations can be correlated to the 


representations in the point group Dog in the following way: 
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C-C-C deformation 
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Thus, the infrared spectrum of the low temperature 
form of solid adamantane should contain three peaks due to 
the =C-H stretch, nine due to the CH, Stretch, six due Go 
the =C-H deformation, four due to the CH. deformation, 
five due to the methylenic wag, four due to the methylenic 
twist, five due to the methylenic rock, and eighteen due to 
the ring vibrations. In the Raman spectrum one should see 
five peaks due to the =C-H stretch, fifteen peaks due to 


the CH, stretch, ten peaks due to the =C-H deformation, 


Z 


eight peaks due to the =CH, deformation, seven peaks due to 


2 
the methylenic wag, eight peaks due to the methylenic twist, 
seven peaks due to the methylenic rock and 30 peaks due to 
the ring modes. 

The discussion in this section has considered the 
activity Of vibrations for fundamental transitions (29), 
and the strict wave-vector selection rules usually lead 
tO the observation of sharp peaks arising from these tran-— 
Sitions. The wave-vector selection rules are not so effec- 


tive for combination transitions, in which more than one 


vibration changes its state of excitation and these tran- 
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sitions often lead to broader peaks than do fundamental 
transitions. The discussion has also been in terms of 
elassigal: vibrations. »sThis tisavalid Hefor tthedtopichdiscussed, 
in the harmonic approximation because of the separability of 


the wave equation if the variables are normal coordinates. 


iis athe thydrate tof ylexamethy lenetetramine. 
Hexamethylenetetramine (CH, Ny) has long been 


known to form a hydrate which was independently discovered 
by =Deléprne (30)sand =by-Cambier and Brochet (31); in 1895. 
Delépine observed that long transparent crystals grow from 

a saturated aqueous solution of HMT kept at about 0°C. The 
crystals were found to melt with decomposition at 13.5°C. 

A white powder precipitated once the crystals were decom- 
posed. The product of the decomposition was dried over 
sulphurickactdwate-s°Geandewas found to consistecf 44.12% 
water and 55.88% of dry residue. Cambrier and Brochet made 
essentially the same observations, but found that their 
crystals contained 43.50% of water and 56.50% of dry residue. 
The crystals were found to effloresce when «they were kept in 
asdny tatmospherenaty=4qtor—-5°C. i athe conchusLonyeommon sts 
both works was that a hydrate was formed, having the com- 
6yoN,°6H,0- This composition requires 56.45% 
GfOHMT Nand {43755tot W370 
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The phase diagram of the hydrate was determined 


position C 


by Evrard (32) who found the hydrate to melt with decom- 
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posteron at.13.05°C. 

Pierervctal estruetune Of stneshnydrate of HMi tat 
-20°C was determined by Jeffrey and Mak (33,34). The 
primitive unit cell is rhombohedral with ee foal tO.O0lLA 
and 9 = 105.4 £ 0.2°. Thetdencity=or the hydrate (1.209 + 
CO. 010 g/em?) was found to be consistent with the value cal- 
culated for one formula unit per unit cell. The space group 
was found to be R3m (C3). Mak used a hexagonal, triply 
primitive unit cell with ay = i Or A and Cy = Sey A. 
The details of the structure are shown in Figure 1. The 
slightly puckered hexagonal rings formed by the water 
molecules are stacked along the c axis of the hexagonal cell. 
AYgQuest molecule is found aboveswand below cach (of thesrings. 
The rings of neighboring columns are linked by hydrogen 


bonds. The HMT molecules occupy sites of C symmetry, 


3V 
and the water molecules occupy sites of Ce symmetry. 

The HMT molecule is hydrogen bonded to the host 
structure through three of its nitrogen atoms. It hangs 
‘pat—like (33), witheits, thres<roldtaxis 'coincident with 
the c axis of the hexagonal cell. The fourth nitrogen atom 
is not engaged in hydrogen bonding? The, structure clearly 
involves the existence of the two non-equivalent kinds of 
oxygen atoms marked 1 and 2 in Figure 1. It is apparent 
from the figure that, while the oxygen atoms of type 2 are 


involved in four hydrogen bonds, donating two protons and 


accepting two, the oxygen atoms of type 1 donate two protons, 
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but only accept one. This leaves an electron pair in the 
valence shell of oxygen 1 not engaged in any bond. Two 
crystallographically independent types of hydrogen atoms 
were localized by Mak by means of a difference Fourier 
synthesis (34). One was seen along the O-H...N bond ata 
distance of 1.01A from the oxygen atom. The second one was 
localized along the hydrogen bond between two different 
rings, in positon! elohiFigures lIkat a distance of 1.05 A 
from the oxygen atom of type 1. The hydrogen atoms within 
hexagonal rings could not be localized in the x-ray study 
and Mak concluded that a two-fold disorder in the hydrogen 
positions exists within the (H,0) rings. © Thaters-to say, 
while positions e and f were found to be fully occupied 
and fully unoccupied, respectively, positions a, b, c and 
d were found, on the average over the whole crystal, to be 
hate *oecupled. 

Mak rationalized the disorder of the hydrogen 
positions within a ring by saying that the only ordered 
configuration consistent with the crystal symmetry, requires 
that the hydrogen atoms engaged in the hydrogen bonds with- 
in the rings be attached to oxygen 1, while the hydrogen 
atoms responsible for the hydrogen bonds to the HMT molecule 
and between rings should be attached to oxygen 2. Since 
=O) 


the angle O =0% insthetrings ss 126°, thisiwould Staccor=— 


Cal 


ding to Mak, lead to the energetically unfavorable situation 


of hydrogen bonds deviating considerably from linearity. 
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It is worth pointing out that, although such a large angle 
may lead to an energetically unfavorable situation, the 
existence of even larger angles in other hydrogen bonded 
systems is not uncommon (35). 

The two crystallographically independent O...0 
distances were found to be 2.766 and 2.764 A for the bonds 
within a ring and between rings respectively. The O...N 
distance was found to be 2.816 A. 

The molecular parameters of the HMT molecule in 
the hydrate were found to be appreciably altered from the 
values found for pure HMT. 

The fact that the cage structure is reminiscent 
of the structure of hydroquinone clathrates, from which 
the "concept of vclathration originated ©(36), anduced Mak to 
expand “the’iconcept of clathration to encompass inclusion 
compounds in which a bond exists between the host and the 
guest. Another example of a clathrate hydrate of this type 
is the decahydrate of trimethylamine which, however, has a 
different structure (37). 

Davidson (38) reported a dielectric relaxation 
SGUdYeOLLHMT hvdgaterniwn WoGes eHestound asvaeiue thorpthe 
Statue wielectrics constant OL about 63 ac vaboute—56 45, 6; 
he also found that the reorientation rate of the H,O molecules 
is higher than that of "“iceel!(39)catvallvtemperatures’: 
Since the number density of the water molecules in the hydrate 
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Stantirati—S7iGtirs Ll4u(69) or reughly stwice the tvaluerior 
HMT hydrate, Davidson argued that the disorder is not re- 
stricted to the hydrogen positions within individual rings 
because, if it were, it would lead to a low value of the 
dielectric constant and much lower relaxation rates than 
those observed. He concluded that a three-fold orien- 
tational disorder about each water molecule is required to 
explain the high values of the dielectric constant and of 
the relaxation rate in the hydrate. 

Davidson also studied the dependence of the 
breadth of the dielectric dispersion curve on the tem- 
perature (38). The Cole-Cole width parameter (40), which 
is a measure of the breadth of this dispersion curve, was 
found gco@increase afromeo WO.7mat 38S \towGe2s abens4 2c: 
Calculations based on first neighbor interaction showed two 
orientations of different energy for each water molecule. 
It was suggested by Davidson that the increase of the Cole- 
Cole width parameter with decreasing temperature may be due 
to. gthe atemperaturesdependence ofethe occupancyrof the two 
possible orientations, and that this may indicate the 


existence of long range ordering at low temperatures. 


i.4 The StrYucturesvand topectra solythe Ice Polymorphs. 


Some excellent reviews of the vibrational spectra 
of the ice phases are available in the literature (41-46), 


and no attempt will be made here to cover the subject to 
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any great length. However an understanding of the struc- 
tural and spectral features of extensively hydrogen-bonded 
water systems, that is, ice polymorphs and clathrate 
hydrates, is necessary in order to understand the spectra 
Of theypresentihydrates Kultonis, therefore, appropriate sto 
briefly review the literature on the subject. 

3 Eleven polymorphs of ice are known to exist (44) 
and the existence of a twelfth has been suggested (47). 
Three of the phases whose existence has been firmly extab- 
lished, namely ice II, ice VIII and ice IX are orientation- 
ally ordered (48,49,50,51,52) which means that the positions 
of the hydrogen atoms, as well as those of the oxygen atoms, 
are regular over the whole crystal. Two phases, ice V and 
ice VI, are partially ordered (47,58), which means that 
some of the hydrogen atoms' positions have, on the average 
over the whole crystal, a degree of occupancy different 
Enon fF 5.08 The, remaimiangsphasess (ice hij, aceimtc/qicemili, 
ice IV, ice VII and vitreous ice) are orientationally dis- 
ordered, which means that the degree of occupancy of each 
hydrogen atom’site is, on the average, 0.5. .0Of the 
clathrate hydrates which have so far been investigated, only 
the hydrate of HMT shows some degree of proton-ordering. 

The infrared spectra between 4000 and 50 om + 
have been reported for ice Ih and ice Ic (53,54), vitreous 
Tce 4(53-57 )sedicel LI (58s59)6 dice Ne0lib8-59) yg lice DX58059) 


and, iced Viine(60) ald iat: 902k. «The, danfirared: spectrum, ofeuce 
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IV has been Bee ned by Engelhardt and Whalley (61) and 
that of ice VIII was obtained by Bertie and Whalley, but 
neither has been published. The only clathrate hydrate of 
which a complete and reliable infrared spectrum has been 
published so far is the hydrate of ethylene oxide, whose 
spectrum was studied by Bertie and Othen (62,63). 

Some general spectral features are common to all 
ice polymorphs and to ethylene oxide hydrate. The spectra 
ofsadd HO ice phases display a very broad band centered at 
about 3200 cm, duesto thesO=Histretching vibtaticus oF 
the water molecules Voy [15° - The O-D stretching vib- 
rations in D,0 ices Vop (249) + absorb over a broad region 
centered at about 2400 emot: A detailed interpretaion of 
the shapes of the Voy (#29) and Vop (P59) bands is not avail- 
able either for the ordered or for the disordered phases 
of ice. Since three features are prominent in the Voy [#5°) 
band of siceeih pfit.was common’ (57564,65) “toTassign =the 
three components to Var V3 and 2V5 where Vy and V3 refer to 
the crystal vibrations derived from the symmetric and 
asymmetric O-H stretching vibrations, respectively, and 
2V5 refers to the transitions in the crystal derived from 
the first overtone of the angle deformation vibration of 
each water molecule. Bertie and Whalley (53) criticized 
this assignment on the grounds that the Vop (P29) bandeot 
D,O ice Ih contains at least six features to be accounted 


2 


for, and their origin is not: explained by the simple assign- 
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ment in terms of Vir V3 and 2V5- They pointed out that 


thee )-.-and V3 modes of each molecule must interact with 


ul 
like vibrations of other molecules, and there are no sym- 
metry restrictions to prevent interaction between Vi and 

V3 modes because of the disorder in the crystal. There- 
fore the H,0 and DO stretching vibrations each lead to a 
broad density of states curve, which may have several peaks, 
shoulders and inilection points .on at. The spectrum cor-— 
responds to this curve multiplied by an intensity function 
which also may not be a smooth function of frequency. Thus 
the various features of the observed bands could well arise 
from the V3 and Vy modes and there is no need to invoke the 


appearance of 2v. to explain why three gross features, and 


2 


at least three less prominent features, are seen (53). It 
Was proposed that the high frequency end of the band arises 


£ECOKey) and the low frequency end arises mainly from y 


ale 


contributing to the center of 


3° 
with mixtures of V3 and Vy 
the band. Whalley has expressed the opinion (42) that no 
detailed interpretation of these bands is possible until 
the density of states curve is known. The same situation 
holds for the corresponding bands of other disordered forms 
of ice. Recent evidence (66) does suggest that 2V5 con- 
tributes to the O-H stretching band in the Raman spectrum 
of liquid water, and infrared spectra of H,0 in, Solweron in 


various organic bases have indicated (67) that 2V5 becomes 


more intense as the hydrogen bond strength increases and 
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the O-H stretching frequency decreases towards 3200 om™*, 


Thus it seems distinctly possible that 25 does contribute 
to the Voy (H9) and Vop (P59) bands in the infrared spectra 
of the disordered ices, but the detailed interpretation of 
these bands is not known. 

On the basis of group theory one would expect 
that the bands due to the Vog (199) and Vop (P59) in Tce wt 
and IX would be much narrower and richer in structure than 
is observed. Since these phases are ordered, rather strict 
selection mules should apply (Section,1.2). Bee al erys— 


: = 2: 
tallizes in the space group R3, C (68) with 12 molecules 


eel 
per unit cell, and the unit cell grouv analysis predicts 
eight infrared active and eight Raman active O-H and O-D 
vibrations. Ice IX crystallizes in the space group 


Pane 2 po with 12 molecules per unit cell (69), and the 


a Lregl B 4’ 
unit cell group analysis predicts nine infrared active and 
15 Raman active Vox (#20) and Yop (P49) vibrations. However, 
for both phases the bands are just as broad as, and do not 
show much more structure than, those of the disordered 
phase. Contributions from overtones and combination tran- 
sitions and transitions from excited states have been 
proposed to explain the broad absorption (58). It is, 
however, Clear that the breadth is due to intermolecular 
coupling, because the V oy (HDO) and V op (HDO) absorptions 
(to be discussed later in this section) are narrow. 


The H-O-H deformation vibration gives rise to the 
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V5 band which is broad and featureless, and is centered 
near 1600 cm + in the spectra of all ice phases and ethylene 
oxide hydrate. This band has not been discussed to any 


great extent and its breadth is unexplained. A broad com- 


bination band centered at 2200 to 2300 are is also common 


to the spectra of the ices and of ethylene oxide hydrate. 


This band has been assigned to 3y, and to vy, + V5 where 


R R 


Vv. refers to the rotational vibrations of the water molecules. 


R 


imotnie spectra of ‘all ice’ phases Vp (9) absorbs at about 


- and v,(D,0) at about 600 emus. The bands are 


broad, extending from about 400 to 1000 cm in the H 


800 cm 
50 


phases and 350, to 200 cm + in the D.0O phases, but the 


2 
spectra of the different phases display important differences 
in detail, and the ordered and disordered phases of ice can 
be distinguished by the shape of their Vp bands. In the 
spectra Of ice _llland ice, IX this band, consists of several 
very sharp features overlapping a much broader absorption 
(58). The sharp features are weaker in the spectra of the 
samples which contain a few percent of isotopic impurity 

than in those of the pure phases. Bertie and Whalley (58) 
explained these phenomena by postulating the existence of 
orientational order extending over at least a few unit cells 
in these ice phases. Some of the sharp features were said 

to arise from zero-wave-vector vibrations, and their 


weakening and broadening with the addition Of ASseGtopne 1 i 


purities was said to be caused by the disorder induced in 
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the crystal by the random distribution of the impurities. 
Their hypothesis of orientational ordering in these phases 
Wes aver fully contirmed (48,52). The origin cf the proad 
absorption is, however, still unexplained. Since these 
phases are fully ordered (48,52), the available theory pre- 
dicts that the only fundamental transitions that can be in- 
frared active are those with zero-wave-vector, and the 
absorption peaks due to these vibrations are expected to be 
very sharp. 

Other revealing differences between the spectra 
of ordered and disordered phases of ice are observed in the 
absorption peaks due to the O-H and O-D stretching vibrations 
of HDO molecules isolated in an environment of D0 or HO 
molecules. These vibrations are commonly referred to as 
V oy (HDO) and Vop (HBO) or isolated OH and OD stretches, 
because they are not coupled to the vibrations of the sur- 
rounding molecules. In the spectra of the ordered phases, 


ice II and IX, the bands due to v,.,(HDO) and Vop (HPO) are 


OH 
sharp, with half-widths of 10 to 18 and 4 to 8 Soe res- 
pectively. The peaks due to the corresponding vibrations 
in the spectra of the disordered ice phases were found to 


be much broader. The half-widths found for vy (HDO) and 


OH 
Vop (HDO) range from 30 and 18 cm 7, respectively, for ice Ih 
and ete a(5.5) obo L500 7and 80 one respectively, for ice V (58). 


Several explanations of the factors affecting the 


breadth of the Voy (HPO) and Vop (HDO) bands have been dis- 
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cussed by Bertie "and Whalley (58). Their conclusion is 

now widely accepted and is the following. The environment 
around a given oxygen atom is the same in all unit cells in 
the ordered phases, while it is different for each oxygen 
atom in the disordered phases. This causes a slight dis- 
order in the oxygen positions and in the 0O...0 separations. 
This disorder is not sufficiently large to be detected by 
diffraction methods, because these methods take a crystal 
average and because the disorder of the oxygen positions 

is smaller than the root mean square amplitude of the oxygen 
atoms, but it is sufficiently large to affect the force 
Constante Of the O-H ana O=-D stretching vibratrons. Due to 
the randomness of the disorder of the hydrogen atoms a 
CONETNUOUS CIStributiOn, Of O...0 distances anda, as a con- 
sequence, of frequencies for the isolated OH and OD stretches 
is expected. The result of this is the observed breadth of 
the Voy (HBO) and Vop (#DO) peaks in the disordered phases of 
ice. The ratio of the half-widths of these peaks in the 
spectrum of ice Ih is about equal:.to the square root of 2 
and this, together with the fact that these peaks are much 
Nakrower in the spectra of ice II -and of 1ceRiy, @srrongly 
supports this interpretation (58). it 1s worth mentioning 
that at the time this interpretation was first proposed, 
the detailed structures of ice II and IX were not known, 
nor was it known that these phases are orientationally 


ordered. 
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The spectral region below 360 emt, where the 
translational vibrations of the water molecules are found, 
yields the most obvious distinction between the spectra of 
ordered and disordered ice phases. A theory proposed by 
Bertie and Whalley (70) accounts well for the differences 
between the far infrared spectra of these phases. The 
observed isotope shift shows that all absorption below 360 
em + in the spectra of all ice phases is due to essentially 
pure translational vibrations (54,5960). The absorption 
by translational vibrations in a crystal can be divided 
into two types, the order-allowed and the disorder-allowed 
absorption. The order allowed absorption arises from 


(2)? oe which is derived from the crystal averages of the 


dipole moment derivatives with respect to equivalent dis- 
placements of diffraction-equivalent sets of particles. 


The disorder-allowed absorption arises from 2 Eis 


which 
is derived from the difference between the actual value of 
the dipole moment derivative with respect to the displacement 


Of vacgiven! particle” and™the' crystal-average value for the 


diffraction-equivalent set of particles to which the par- 


ticle belongs. In fully ordered crystals (<0) at ehes 
find tevowhile (2735s is*zeroy \Only#thesfirst! typerot 


absorption is, therefore, allowed. This absorption is only 
allowed if the wave-vector of the vibration is zero anda 
fairly small number of sharp peaks is, therefore, expected. 


In fully disordered crystals only the second type of ab- 
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This absorption does not respect the zero-wave-vector 
selection rule and is, therefore, expected to reflect the 
density of vibrational states and to be broad. Bertie and 
Whalley showed that the absorbance is approximately propor- 
tional to the density of vibrational states times the square 
of the frequency (70). 

The spectra of the ice phases are fully consistent 
with this theory. Ice II is orientationally ordered and the 
unit cell group analysis predicts 10 infrared active trans- 
lational vibrations. Its far-infrared spectrum contains 
sharp lines, and nine features are clearly identified. 

Ice IX is also ordered and the unit cell group analysis 
predicts 12 infrared active translational vibrations. Eight 
sharp features are seen in its far-infrared spectrum. Bertie 
and Whalley (59) associated the sharp absorption of ice II 
and IX with vibrations which are infrared active under the 
unit. cell igroup, selection mwule. 

On -the, other jnands.<the star —inivmaréed spectra gon 
ices Jh and Ic consist of..a continuous broad absorption. 
These two phases are orientationally disordered and Bertie 
and Whalley (54) interpreted the absorption as arising 
from vibrations made infrared active by the disorder. The 
features seen in the spectra, all rather broad, were 


assigned to features in the density of states curve. The 


exit sgn: ier hurl ae npreniner hie 
Bas eizsea -beozd Sdiod bas esdeye Lsadivgudiv 30 | 
a ta vastamrbegaiaes i donadsonds eft tady beware yok 
amaupe ont zamnis De7ede ‘fsnolissxdty to yvotensb add of Sanoks , 
(0%) Yyouenpe=? il ee 


Sas t2tenoo wikia’ ste) sageng, Sof .eu3 to. ExI9age ait 


_ 
_ 


sda brs beaebzo vilnintdainaixo ef If ool syiosds ear diate 7 
~anexd evans Revertnt Of etothond eleylens asory {ies sn Ee 
eniwtirog itmixtooqe Boxsitoi-te? 231 -eneldasidsy 
sharbisnebds yinesto site goritse2 onin Bas , ssettbug 

elay lens quate Ifeo ting edt Bus betobs0 aebe zi “r wot 


4#638 -.anotisidiv, taqgpiteianstd svitos Asibrint $l ii | 7 
cy 


P 


e4tz08 adttoeode BatetIgi=102 eds mi nese ots eerytsad ; 
a 


£7 sot to Hoisqueeda qaisde sds bass eiooaes (ee) cos anit 
_ edd tebnyw avkins betaxiag sa6, A> a etigitsidiv ase is 
| eatur aoisoetee quote Lleo &: 

‘Po putasge sate hsalanY Prey \Sacd tedto sit 0 _ 
hart: baosd eioundt aor & [0 teienoo oF Bas al aa onal 
serene ielaat eae aaa S%b esgerta ows & seat 


"ors 


BZ 


results of neutron scattering experiments (71,72) support 

this assignment. The main features of the spectra can be 
reproduced by calculations using a very simple force field but 
the absorption above 230 cm + cannot be explained in this 

way. There is considerable discussion in the literature over 
the correct explanation of this high frequency side ab- 
sorption (118-120), and no interpretation appears to be 
generally accepted at present. 

Ices V and VI are special cases in that they are 
partially ordered (47,48), but this was not known when their 
spectra were first obtained and discussed (58,59,60). Since 
their partial order makes them somewhat analogous to the 
hydrate of HMT, their spectra will be discussed in Section 
V.5, where the far-infrared spectrum of the Hydrate is also 


discussed. 


I.5 The Structure and Spectra of HMT. 


Many structural formulae were proposed for HMT 
before its crystal structure was simultaneously determined 
in 1923 by Dickinson and Raymond (73) and by Gonell and 
Mark (74) by means of X-ray diffraction methods. It was 
ther first unstance.of an organic compound having its crystal 
structure determined by X-ray methods. Since those early 
days the structure has been determined many times by X-ray 
(75-78), neutron (79,80) and electron (81,82) diffraction 


methods. The molecule in the gas belongs to the point 
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group Ty and the following molecular parameters were deter- 


mined by electron diffraction (81) from the gas: 


C-N- bond length® 124854 0.01 A 
C-N-C angle POO RSs Brcas 


N-C-N angle 109.59 1° 


HMT was found to crystallize in a body centered cubic 
structure with one molecule per primitive unit cell. The 
space group is 143m (rT. 4 and thus, the HMT molecule, shown 
in £qure, 2, retains Bes Tq symmetry in the crystal. The 
cell dimension was found to be 7.021 + 0.009 A at 298°K, 
6.931 t 0.009 A acwlo0-moand 6.91072 0.008 atesa-R (73):. 
The molecular parameters determined at room temperature by 


neutron diffraction are (80) 


Do 


C-N bond length 1.474 


Do 


C-H bond length 1.104 
N-C-N angle tela By 
C-N-C angle DOW isa 


H-C-N angle 10 S40 > 


The C-N bond length was found to be unaffected by temperature 
variations, but the temperature dependences of the other 
parameters was not reported (78). 

Shaffer (75) explained the high enthalpy of sub- 
limation of the crystal and the distortion of the molecule 


in the solid by postulating the existence of weak hydrogen 
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The HMT molecule in the Crystal. 
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bonds between the methylenic hydrogen atoms and the nitrogen 
atoms of adjacent molecules. This claim was supported by 
Smith (83) who found, during a proton magnetic resonance 
study, that HMT undergoes a phase change due to molecular 
reorientation iat).about 375°¢KianThe energy of cactavationiof 
the reorientation is about 18 Kcal/mole, while the energy 
of activation of a similar reorientation in adamantane is 
about 6 Kcal/mole (84). Smith ascribed the high energy of 
activation in HMT to the hydrogen bonding. However Becka 
and Cruickshank argued that the closest distance between 
hydrogen atoms and nitrogen atoms is 2.88 A at room tem- 
perature and 2.78 A at 34°K, which is a little greater than 
the sum of the normally accepted values of the van der Waals 
radi 14 14. 2wand: f)a5 nae One of the normal criteria for 
hydrogen bonding is, therefore, not satisfied. 

The infrared (85-89) and Raman spectra (90-93) 
of HMT have been recorded and interpreted several times. 
The most comprehensive Raman study was conducted by Couture- 
Mathieu etal -(90)° in 1951. © This work included’ the ‘study 
of the spectra of an oriented single crystal and of a 
saturated solution and enabled the authors to determine the 
polarization of all peaks and, therefore, the symmetry of 
the modes from which the peaks originate. Couture-Mathieu 
and her coworkers made a complete assignment of the funda- 
mental modes of vibration. In order to make the assignment 


they first assigned three peaks to three ring modes on the 
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grounds of symmetry, frequency and intensity. Equating the 
frequencies of these peaks to three roots of the secular 
equation enabled them to calculate the force constants for 
the C-N stretch, “the C-N=C®angle deformation: andthe N=C=N 
angle deformation. The frequencies of the remaining ring 
modes were calculated using these force constants and, since 
fair agreement was obtained between the experimental and 

the calculated frequencies, a complete assignment of the ring 
modes was made. The modes due to the vibrations of the CH, 
groups were then assigned on the grounds of group frequencies. 
This procedure ignored any interaction between the ring modes 
and the vibrations of the methylenic groups, although these 
interactions were recognized to be important by the authors. 
Zijp also performed some calculations using Wilson's GF 
method (94), assuming the methylenic groups to be point 
masses and, so, ignoring the interaction between the ring 
modes and the CH, modes. His assignment of the ring modes 
agrees with that of Couture-Mathieu et al. 

Mecke and Spiesecke (85-86) obtained and inter- 
preted the infrared spectra of HMT in the gas phase, in 
solution and in polycrystalline form. They modified Couture- 
Mathieu's assignment of the methylenic twist, which is only 
Raman active; they also assigned the weak features of the in- 
frared and Raman spectra to overtone and combination tran- 
sitions and, by postulating the values for the frequencies 


of the inactive Fi modes, they were able to account for all 
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of the features of the infrared and Raman spectra. They 

emphasized that the frequencies of the Fy modes so deter- 
mined were very uncertain, and suggested that those modes 
should become active in the spectra of addition compounds 
of HMT in which the site symmetry of the HMT molecule is 

lowered. 

Cheutin and Mathieu (89) obtained and interpreted 
the infrared spectrum of crystalline HMT almost at the same 
time as Mecke and Spiesecke (85-86). Their assignment of 
the fundamental vibrations is largely in agreement with that 
of Mecke and Spiesecke, but considerable differences exist 
in the assignment of the weaker peaks. 

Shiro et al (87) also reported and assigned the 
infrared spectrum of HMT. They carried out a normal co- 
ordinate calculation on the ring modes using Wilson's GF 
method. (15) and a Urey—Bradley. force field. ~ The results 
of their calculations agree closely with those of Couture- 
Mathieu. All of the above work was carried out on HMT-h,.. 


No studies of HMT~d, appear to have been made. 
EG 2¢ AMS 207 Ghis.Wwork 

This work was started with two broad aims in mind: 
to study the spectroscopic behaviour of the water molecules 
in the hydrate structure, and to investigate the effect of 
the reduced site symmetry and the hydrogen bonding on the 


spectrum of the HMT molecule. 
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The hydrate of HMT occupies an intermediate 
position between the ordered and the disordered phases of 
ice with respect to the orientational ordering of the water 
meteculess Blee Veaidlice Vi also,coceupy .an-analogous 
position, but while the disorder largely dominates over the 
order in these two phases (47,48), the position of the 
hydrogen atoms in the HMT hydrates structure are predominantly 
ordered. In fact, if Davidson's argument is valid, and it 
seems reasonable to accept it, all of the hydrogen positions 
are, at least partially, ordered (38). At the time this work 
was started the spectra of water phases with partially ordered 
hydrogen atoms configurations were not known. The spectra 
of ices V and VI were known (59,60), but these phases were 
not known to be partially ordered, and their spectra were 
discussed on the assumption of complete orientational dis- 
order. It was therefore thought that a study of the infrared 
spectrum of the hydrate of HMT would provide an excellent 
test for the theory of the translational vibrations of dis- 
Onaered crystals (70)(o" This*®theory ms “conpletely *ceneral 
and is applicable to disordered, partially ordered and 
completely tordercd "crystals £9 The “theory has brverly been 
reviewed in Section I.4 and its application to partially 
ordered systems leads to the prediction that both zero-wave- 
vector and non-zero-wave-vector vibrations are allowed in 
absorption with relative intensities that denend on the 


relative influence of the order and the disorder. 
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The hydrate of hexamethylenetetramine contains 
one hydrogen atom which is completely ordered (34,38) and 
it Was thought that it would be interesting to study whether 
this gives rise to narrow V oy (HDO) and V op (HPO) absorptions 
or whether the proton disorder in the Surrounding) structure 
broadens the width of these absorptions. 

It was also thought of interest to study the 
spectrum of the rotational vibrations to see if the degree 
of ordering is sufficient to cause sharp features as were 
seen in the spectra of ices II and IX (58). 

The iapersceion between the host and the guest 
should manifest itself in several ways: 
(a) Peaks due to the vibration of the hydrogen bonds between 
the water molecules and the guest molecules are expected to 
appear in the far-infrared region. 
(b) Because the guest molecule is held in a fixed position 
by the hydrogen bonds to the host cage, and because of the 
particular geometry of the host structure, its site symmetry 
(C2. ) is lower than the symmetry of the isolated molecule 
and the site symmetry of the HMT molecule in the crystal 


(T.). This is expected to cause drastic changes in the 


d 
spectrum of the HMT molecule in the hydrate with respect to 


the spectrum of pure HMI, because the triple degeneracy of 


the Fy and F, modes is lifted under the C3, site symmetry, 


and the A,,E and Fy modes, which are inactive in absorption 


InepuresHMT » become active. “The fact that one or ithescom— 


Wio (88. a Ss eee yeteaiet _ 
ponies hie asian 

unobtqiaads (ant oan gpa 
otusorUse fecliapicseas 0! fi aebionie- Adon grt 

.ahebietoeds sand9 BO: dyore wea 

odd ghuts d2 daeiens 20 ddouotit pels ear te 

Sotpeb std ti gen ed sanishidiv Ianottesax oft 40 - f 

aveW 26 eazursat la SauBn of Ineo rigs 

| , (82) ‘er, bot Lt 2e9f 20 sitveue a 

PRS P s' bre S204, add nadwist doltueusdis) S8F- <2 


cseyew lstavee nt 2oeesk felons. 


a 


repented seid aston seposbyr edd 20 mmiderdiv sdt,o2 seb edna 
test padeaqse exe asiuneiom Saeny arid hos soltnghnat sed 
sNOtpar hetszdnl-ts2) ddd Meo’ 
omebteos; batt 6 ol bleh eh Ssivostom tasbp acd o2ue 
aft 30 bepeostl bas Seb teOl. acts of sbhaod HeporbyH 4 
yagemniye ete et \samwase tot ste Io yssemeee anaagae 
tiaeiom Kits tee! Say tov yrdinnys: ca neds) sewed MPR emal 
Laieyss) orld. mr elisa 2H ail to yagemnys. tte wage i 

ail) as ee od begaenae ad, 2c ae 
\aitig pdb iiyd ed nd stuogton (mit mi} 6 costa 


40 


ponents anto which the Fy modes split is active under C34 


symmetry is important because the Fi modes are inactive in 


absorption and Raman scattering under the poinke group T 5 


and their frequencies cannot be determined directly from 


the spectra of pure HMT. 


4] 


Chapter II. Experimental 


tre Chemicals and Single Crystals 


HMT-h, 5 was obtained from Eastman Organic Chemicals. 
Samples were recrystallized from water, from ethanol and 
from chloroform. The infrared and mass spectra of the com- 
mercial and of the recrystallized HMT were recorded, as well 
as those of a sample purified by sublimation and of a sample 
obtained from the decomposition of the hydrate. All of the 
above samples gave the same infrared and mass spectra and 
it was concluded that the commercial product was sufficiently 
pure. HMT-d,. was obtained from Merck, Sharp and Dohme of 
Canada Limited and used without further purification. The 


Single crystals used in the Raman study of HMT-h were 


ie 
grown at room temperature by slow evaporation of the solvent 
Pronwa, Saturated solution in chloroform. Single .cryscals 
with a volume of about 1 com> were obtained and used. 

The TSOtopic purity of the D0 used, in the prep-— 
aration of the hydrate was determined by NMR, using di- 
methylsulfoxide as an internal standard. It was found to 
be 99.5 + 0.1% pure. This result was checked by measuring 
the intensity of the Voy (HDO) bands (Section I.4) in hydrate 
samples made from the 'pure' D,O and in samples made from a 


2 


5% H,O, 95% D0 mixture. The details are given in Section 


IV.1, and it suffices to say here that the measurements 


confirmed that the 'pure' D,0 contained only 0.5% of 
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hydrogen. The HO used in this work was from the laboratory 


distilled water supply. 


tive) Preparacion ofthe Hydrace 


A saturated solution of HMT in distilled water 
was prepared in a glass test tube provided with a ball 
joint which allowed the test tube to be connected to a 
vacuum system. The stoppered test tube containing the 
solution and an excess of HMT was then placed in a cold 
room, whose temperature was kept at 5 + 1°C or ina ref- 
rigerator kept “at 2° to: \4"°@,'ain torder! to iobtaina ‘Saturated 
solution at these temperatures; it must be remembered that 
the solubility of HMT increases as the temperature is lowered 
(95). The crystallization was then started by cooling the 
end of the test tube, which still contained a small excess 
of HMT, wrth liquid nitrogen. The *crystallizatron proceeded 
extremely quickly and, since an amorphous mass was obtained, 
it was obvious that some of the mother liquor was enclosed 
in the hydrate. This mass was allowed to warm up until only 
a few very small crystals remained. The solution was then 
returned in the cold room or the refrigerator and was left 
to recrystallize for several days. The crystals grew as 
elongated hexagonal prisms, typically two cm long and one 
mm in diameter. Once about half of the solution had crys- 
tallized, the remaining solution was decanted and the 


crystals were transferred to a paper tissue and dried as 
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well as possible. They were then transferred back into the 
test tube, which had in the meantime been carefully wiped 
dry. The above operations were carried out in the cold 
room. When further drying of the crystals was desired, the 
test tube was connected to a vacuum line through its ball 
JOIN and, whirte*®kept at about'0°C with an ice bath, evac- 
uated to a pressure of about one torr. At this point the 
tap to the vacuum pump was closed in order to avoid excessive 
decomposition of the hydrate. When the pressure in the 
system approached 4.5 torr (the vapor pressure of water at 
0°C (96)), the tap to the vacuum pump was reopened until the 
pressure was lowered to one torr. ~ This process was con- 
tinued until traces of a white powder appeared on the surface 
of the crystals, signalling the beginning of the decom- 
position of the hydrate. 

The crystals were then cooled in liquid nitrogen 
and were ground in a Spex Freezer Mill grinder. Since a 
considerable amount of heat was produced during the grinding, 
and the crystals were not in direct contact with the nitrogen, 
the grinding was done in five periods of one minute each, 
separated by five periods of about five minutes each, during 
which the heat produced was allowed to dissipate. The 
powder was placed into a glass vial which was placed into a 
larger vial which was stored under liquid nitrogen. Some 
of the ground samples were again dried under vacuum by the 


procedure described above. 
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The deuterate samples were made in the same way 
except that the test tube was first treated in the following 
way: it was initially rinsed twice with a small quantity 
(abome Ono ce) Sor D0. About: 025 “cel of D.0 was then left 
inside the test tube overnight and finally, the test tube 


was rinsed once again with D,0. 


Lb.3 (Preparation —-or the Intrared and Raman Samples. 

The cell used for the infrared spectra was made 
in the machine shop of the Chemistry Department from stain- 
less steel. A schematic diagram of the cell is given in 
Figure 3. It consisted of an inner part, which included a 
nitrogen reservoir to which a copper sample holder was 
soldered, and an outer jacket. The space between the inner 
part of the cell and the outer jacket could be evacuated 
through the vacuum tap. The vacuum seal was provided by 
two greased buna-N O-rings between the flanges of the inner 
and outer parts of the cell. Buna-N O-rings were also fitted 
between the outer jacket and windows, which were held in 
place by means of steel rings tightly screwed to the outer 
jacket. The window material was cesium iodide for the mid- 
infrared and polyethylene or teflon for the far infrared. 
When mulls or pellets were used the two halves of the cell 
were joined and the cell was evacuated to inal torr or less. 

The inner windows containing the mulls were placed 


into) the Gopper sample holder, and they were pressed (Together 
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The sample cell used for the infrared spectra. 
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by means of a spring soldered to a copper ring which was 
screwed to the sample holder. When the polyethylene or 
teflon windows were used a copper spacer, 1/4" thick, with 

a rectangular aperture in the center, was placed between the 
spring and the windows. The cesium iodide windows were 
carefully polished in three stages using first alumina, then 
barnesite and finally chamois leather moistened with 98% 
ethanol. The polyethylene and teflon windows were conically 
tapered with a half angle of 3° 26' in order to eliminate 
interference fringes. 

The temperature of the copper sample holder could 
be monitored by means of a copper constantan thermocouple 
soldered to it. The temperature could also be controlled, 
within restricted limits (see Section II.5), by means of a 
small heater placed at the bottom of the nitrogen reservoir 
in direct contact with the copper sample holder. 

The infrared samples of pure HMT were prepared by 
two different techniques. Nujol and Fluorolube mulls were 
used (co anvestrgatemthe regions’ 200 “1300 om” + and 1300 = 
4000 cn7+ Bespectively. PeKBr (pe lletsiwere “also m1sed we rThe 
mulls were made by finely grinding a few milligrams of pure 
HMT in a small mortar for about 15 minutes; one or two drops 
of mulling agent were then added and the mulling was carried 
out for another 15 minutes. The mull was deposited in the 
center of one of the cesium iodide plates and the second 


plate was pressed against the first, causing the mull to 
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spread. The two windows were then placed into the cell 
sample holder and tightened with the spring. 

The pellets were made using a piston and cylinder 
apparatus which was designed in collaboration with P. 
Tremaine and made out of hardened steel in the Department 
machine shop. A diagram of it is shown in Figure 4. A 
MExLure ofmabout L00emgtorpdry KBr “and twoato four mq.of 
HMT was finely ground in a mortar. The finely ground powder 
was placed in the piston and cylinder apparatus with the 
lower piston and the lower back-up ring already in place. 
After the powder was dispersed as evenly as possible with a 
Spatula, the upper back-up ring and the upper piston were 
placed inside the cylinder, and the apparatus was transferred 
to a 100-ton press. Care had to be taken to place the ap- 
paratus in the center of the plattens. A pressure of between 
1000 and 1500 bars was applied for about ten minutes. The 
pressure was then released, the pistons were removed, and 
the cylinder containing the pellet was placed into the cell 
sample holder and held in place by a copper ring screwed to 
the holder. Normally, perfectly transparent discs were ob- 
tained. They were firmly secured to the cylinder through 
Chey back up rings and could be cooled without difficulty. 

For the Raman spectra of polycrystalline samples, 
crystals about 0.2 mm in size were used. They were sealed 
into glass melting point capillary tubes of about 1.2 mm 


i.d. and 1.6 - 1.8 mm 0.d. The solution Raman samples were 
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Figure 4. Apparatus for making KBr pellets. 
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saturated solutions of HMT in distilled water and were also 
sealed into similar capillary tubes. The single crystals 
were glued with Glyptal cement to a glass rod about 3 cm 
long and 2 mm thick. The glass rod was then mounted on a 
goniometer head which allowed the crystal to be properly 
oriented. 

The infrared samples of the hydrate were made by a 
modification of the low-temperature mulling technique devised 
by Bertie and Whalley (97). The method is described below. 

All operations were carried out in an uninsulated 
steel can provided with a side arm. The shape of the con- 
tainer, as well as the disposition of the items used in the 
process, is shown in Figure 5. Once the apparatus was 
arranged as shown in the figure, the can was filled with 
liguid nitrogen to about 1" below the top of the table. 
About half an hour was allowed for the can and the contents 
to cool. The sample was then taken out of the storage dewar 
and the inner vial was placed into its steel container in- 
side the can, and about 1/2 cc of mulling agent was slowly 
condensed from a cylinder directly into the appropriate vial. 
The mulling agents were: propane, propylene and Freon 13 
(trifluorochloromethane). 

Using a long spatula, whose end had been cooled 
in liquid nitrogen, the desired amount of powdered sample 
was deposited on the window in the window holder; this 


varied from an estimated 5 mg for the mid-infrared to an 
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Figure 5. 


Apparatus for making the low temperature mulls. 
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estimated 100 mg for the far-infrared. Using the same 
Spatula, one or two small drops of the mulling agent were 
placed on the window, where they spread on the surface. 

Once all the sample was slightly wet with the mulling agent, 
the second window which had a small dent in the center of its 
upper surface, was placed on top of the first one using a 
pair of cold, long tweezers; the window was rotated, using 
the same tweezers, until a clear mull was obtained. Ex- 
perience alone could determine when to stop this process. 
When reference spectra were sought, the same procedure was 
followed except that only the mulling agent was placed 
between the windows. Once the sample was ready, the windows 
were transferred into the sample holder where they were 
pressed together by means of the spring. 

When the sample was secured in the holder, the 
outer part of the cell, which had in the meantime been 
purged with dry nitrogen gas, was placed horizontally in the 
Side arm of the can. The inner part, containing the sample 
and a small amount of liquid nitrogen, was joined to it, 
the tap opened to the vacuum, the cell brought into an up- 
cight+ position cand the reservoir filled to the top with 
liquid nitrogen. When the pressure inside the cell was 
reduced to about Pore torr, the tap was closed and the cell 
was placed in the spectrometer and connected to another 
vacuum system. While the spectra were being recorded, the 


cell was continually evacuated and the liquid nitrogen 
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reservoir was kept full. It was found that if the pressure 
in the cell was less than ig 2 Mm Of nd, che NLerogen ann 


the -cel ‘would™=last for "about “three hours. 


iis fnirered instrumentation. 

The spectral region between 200 and 4000 em. 
was studied using a Beckman IR 12 spectrophotometer. The 
instrument was fitted with a fiducial marker, which marked 
every 25 om > between 200 and 2000 cm? and every 50 om? 
between 2000 and 4000 cm. The marks were calibrated to 
+ 0.5 em * below 2000 cm + and + 1 cm + above 2000 cmt, 
using gaseous water, hydrogen chloride, carbon dioxide and 
ammonia as frequency standards (98). While not in use the 
instrument was kept dry with a flow of dry air. One hour 
prior to use, and during use, the instrument was purged 
with a stream of warm, dry nitrogen, obtained by boiling 
liquid nitrogen. This was done in order to eliminate the 
interference due to carbon dioxide as well as water vapor. 
Whenever the baseline of the spectrum was lower than about 
50% transmission the variable scale expansion facility of 
the instrument was used. 

The region “360 "=" "10 om + was investigated using 
a Beckman-RIIC FS 720 Fourier interferometer, fitted with 
a continuous mirror drive. Five beam splitters of different 


thickness and “tour igh —Erequency “cut—-orf "ta lvers were 


available. Each beam splitter, in combination with the 
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appropriate filter, permitted the study of a limited spec- 
tral region. All beam splitters were used in order to 
obtain the spectra between 10 and 360 cm™*, 

The interferograms were measured between +x and -x 
path difference (121,122). The intensities were punched onto 
IBM cards and were later processed using BOBS IV, a program 
written in FORTRAN in this laboratory by Bertie, Othen, 
Brooks and Sunder. The program performs a sine and cosine 
Fourier transformation. In order to improve the signal-to- 
noise ratio, the interferograms were apodized using a tri- 
anguiar,apodization, function, (121).),.A vatio Gof a sample 
and a reference spectrum and a plot of absorbance vs. wave- 
number can be obtained. The program also has a provision 
to average several spectra, in order to further improve the 
Signal-to-noise ratio. It was found that the average of 
four spectra had an acceptably low signal-to-noise ratio. 

In Fourier spectrometry the resolution is the reciprocal 

of the maximum path difference used (99). The spectra 

were obtained by scanning over a path difference of + 0.65 
cm which gave, before apodization, a resolution of 1.5 cm *, 
However, apodization lowered the resolution by 50%. The 
resolutionawas therefore, we «2 cmi> in the region 10 - 360 
cm >. The method was calibrated See times using water 
vapor (100), hydrogen chloride (101) and methyl chloride 
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CLO2)aeangd swas found to be saccurate to 0.2 cmi,. 
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Wire leieperature Of cher nitrated ocamples. 


The temperature’ or the intrared samples could 
not be measured very accurately because they were held in 
an evacuated cell. However some indirect evidence permits 
the temperature of the samples to be established with some 
confidence. A thermocouple soldered on the copper sample 
holder detected a temperature of between 85 and 95°K when 
the reservoir of the cell contained liquid nitrogen. When 
propylene and Freon-13 mulls were used on cesium iodide 
windows, freezing of the mulling agents was sometimes ob- 
served which was Signalled™by clouding of the mull and by 
drastic changes in the svectrum. The temperature detected 
by the thermocouple in these cases was lower than 90°K. 
This temperature could be raised to 100°K by means of the 
electrical heater in the cell, and the mulling agents could 
be melted. The freezing points of propane, propylene and 
Freon-13 are 85, 88 and 92°K respectively (96). The agree- 
ment between the freezing points of the mulling agents and 
the temperature detected by the thermocouple was thus 
better than 3°K, and this indicates that the temperature of 
the mulls between cesium iodide plates was 90 = 5°K. 

The temperature of the KBr pellets is more dif- 
ficult to estimate. When the reservoir contained nitrogen 
the temperature detected by the thermocouple was 85°K, but 
the temperature of the pellet could not be monitored. 


Since little contact existed between the pellet and the 
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sample holder, the temperature of the pellets was probably 
higher than the temperature of the mulls. 

Several experiments were carried out to determine 
the temperature of the mulls between polyethylene windows. 
The temperature was measured when a thermocouple was pressed 
between the windows, when it was pressed with some silicone 
grease between the windows, and when it was imbedded in one 
of the windows. The lowest temperature measured was 120°K. 
Some indirect evidence that the mulling agent had become 
frogenawasioccasionally found ,wbuteit aseditfticultato be 
sure about it. Frozen propane was found between the windows 
after disassembling the cell, but since very cold nitrogen 
gas was let into the cell it is difficult to be sure whether 
the propane was frozen in the evacuated cell. On several 
occasions the windows containing the mull were separated 
after the interferograms were obtained, that is 6 to 12 
hours after preparation, and liquid propane was found between 
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them. The vapor pressure of propane is 10. 
eaAOS Ke sncuaLO eannieOe Holat W72KI497)) a Theretoresga fs the 
temperature of the mulls had been higher than 100°K the 
propane would probably have vaporized. It is, therefore, 
estimated that the temperature of the far infrared samples 


was lower than 100°K, but it is impossible to be more 


specific. 
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i. ‘6 Raman instrumentation. 

The Raman spectrometer consisted of a Carson 
Laboratories model 10 SP Ar’ /Kr™ laser, a Spex model 1401 
monochromator, a Spex model 1419 sample module, a Spex 
model 1420 sample illuminating chamber, a cooled FW 130 
photomultiplier tube and photon-counting electronics. The 
4880 A Ar’ laser line was used throughout the investigation 
as the exciting line; the laser light was filtered to 
eliminate unwanted emission lines; the power of the exciting 
line at the sample was about 80 mW. Towards the end of the 
work a Coherent Radiation Laboratories Ar’ laser became 
available, and this provided an exciting line with a power 
of 150 mW at the sample. The Spex monochromator uses 90° 
excitation geometry. The linearity and the accuracy of the 
frequency and frequency difference (Av) scales of the in- 
strument were checked using carbon tetrachloride (103), 
benzene (104) and indene (105) as frequency standards. 
Before each spectrum was recorded, the accuracy of the Av 
scale was spot checked using the 455.1, 458.4 and 461.5 one 
lines*or Dtquid’carbon tetrachlorided(103)>. Ssthetexcrting line 
was normally polarized with the electric vector perpendicular 
to the direction of the scattered light. For some spectra 
of the single crystal the electric vector was rotated by 90° 
using a quarter-wave plate. The polarization of the scattered 
light was selected by a polaroid analyzer, and a polarization 


scrambler was always placed in front of the entrance slit 
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of the monochromator. No correction was made for the 


frequency dependence of the sensitivity of the phototube. 


Ti./ ‘X=nay Methods. 

The hydrate samples for the X-ray studies were 
made in a steel can similar to that used for the low tem- 
perature mulls. A steel table was placed inside the can, 
and a steel container for the sample vial was placed on the 
table. A quartz capillary tube was placed into a hole drilled 
in a brass block which was also placed on the table. The 
Can was filled with liguid nitrogen to about 1™ from the top 
Of the table, and the apparatus left to cool for about half 
an hour. The vial containing the sample was transferred 
to its container, and opened using two pairs of long tweezers 
whose ends had been cooled in the liquid nitrogen. The 
sample was extracted from the vial using a cold long spatula 
with a triangular end, introduced into the capillary tube 
with the help of a cold, very thin, steel wire and packed 
into the tube using the same wire. When the capillary tube 
was full of sample, it was introduced into the hole of a 
bakelite support to which it was secured by means of a small 
screw. On the X-ray camera, the sample was kept cold by a 
stream of cold nitrogen which was obtained by boiling liquid 
nitrogen and was conveyed to the sample through a dewar 
tube. A stream of warm nitrogen, coaxial to and outside 


of the stream of cold nitrogen, prevented condensation of 
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water vapor on the sample. The transfer of the sample from 
the preparation can to the X-ray camera was done in the 
foltlowrng wey. The capillary tube and its sipport were 
held, with a pair of tweezers, immersed in a steel scoop 
full of ligwuidinitnogen; transferred to, the;X-nay apparatus, 
where it was kept cold by the nitrogen stream, and mounted 
on a goniometer head which could be rotated about an axis 
perpendicular to the path of the X-ray beam. The capillary 
tube was aligned along the axis of rotation and, while the 
photographs were being recorded, was rotated by means of a 
small motor. Its temperature was monitored by means of an 
iron constantan thermocouple placed near the sample anda 
potentiometer recorder. The temperature was normally kept 
Ati elede ty 20 °K. 

The camera was a Jarrel-Ash precession camera 
used as a flat-plate powder camera. The radiation was 
nackel=filteredscoppen radiation, obtained from anoEnraft- 
Neoniug»"Digfractis+601". genératoraniuThe!) samplemtogftim 
distance was accurately calibrated by measuring the diffrac- 
tion pattern of a powdered sodium chloride sample (106), 
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AMOR Cee 


Chapter ill. The Vibrational Spectra of HMT-h, 5 12 


Lite l General. 
The HMT molecule (Figure 2) belongs to the point 
group T, (81)- It contains 22 atoms and its 60 normal modes 


of vibration are a basis to the representation: 


4A, + A, + 5E + 6F) + 9F, CS): 
The F., modes are infrared and Raman active, the A, and E 
modes are Raman active only and the A. and F, modes are in- 


2 uy 


active (15). The representations formed by the internal 
coordinates are listed in Table 1; af 72 internal coor— 
dinates are used (Table la): 12 redundancies are included. 

A comparison of these representations with the representation 
obtained using cartesian coordinates, which is shown above, 
reveals that the redundant coordinates form the represen- 
tation: 2A, + 2E + 2F.. Six redundancies forming the 


L 2 


representation AY ie dese FP, arise from the fact that the six 
angle deformations about each of the six carbon atoms are 
not linearly independent. If the six H-C-H deformations 
are neglected, these redundancies are eliminated. The 

same result is obtained if the wags, rocks and twists of 
the methylenic groups are selected as internal coordinates 
instead of the H-C-N deformation. The remaining six re- 


dundant coordinates must be associated with ring modes and 
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form the representation A fe Mh ae FS which is the same as the 
representation formed by the N-C-N deformations. These 
last coordinates can therefore be neglected. If this pro- 
cedure is followed, the representations listed in Table lb 
are obtained. This method eliminates redundancies and can 
be used to make an assignment based on group frequencies 
and symmetry coordinates. However, when calculations are 
carried out, a force constant for the N-C-N deformations 
should be included. The presence of redundancies in the 
calculations leads to as many zero eigenvalues as there are 
redundancies, and the only consequent complication is that 
two or more of the force constants are interdenendent. 

HMT crystallizes in the space group 143m, ue 
with one molecule per primitive unit cell (73-80). The site 
group symmetry of the molecule is, therefore, Ta and no site 
Or unit, cell *qroup Splitting can appear in the spectrum 
(21-25). The three zero-wave-vector rotational vibrations 
Of the molecule in the crystal form the representation Fy 
and are inactive, as fundamentals, in the infrared and in 
the Raman. The three translational vibrations of zero- 
wave-vector, which form the representation Po, have zero 
frequency, for they are equivalent to the translation of 
the crystal as a whole in the three crystallographic direc- 


tions. Therefore the 3n-3 non-zero-frequency, zero-wave- 


vector vibrations in the crystal form the representation: 
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Table l 
(a) Representations formed by 72 internal coordinates of 


HMT under the point group Ts 


C-H stretch A +Ee+ F. + 2F 


ihe 1 2 
C-N stretch A, +E + Fy as 2F, 
C-N-C deformation A, +E + Fy + 2F, 
N-C-N deformation Ay +E + 2F, 
H-C-H deformation A, +E + FE. 
H-C-N deformation A, + A, etic 3F + 3F, 

6A, + As + JE + OF + ilF, 
(b) Representations formed by 60 internal coordinates of 
HMT under the point group Ta 
= r 

C-H stretch A, + E + Fi + 2F 5 
C-N stretch Ay + E+ Fy 2F, 
C-N-C deformation Ay + E + Fy “F 2F, 
H-C-H deformation A, + E + F, 
CH. wag Bo a2 F, 
CH. rock Fi + PF. 
CH. twist A, ap 18, Sp Py 
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Therefore nine peaks due to fundamental transitions should 
be seen in the infrared spectrum, 18 should be seen in the 
Raman spectrum. 

The F. modes are the only ones that are infrared 
active. In addition, these modes transform as the xy, yz 
ance 2% COMpOnNents of the polarizebility tensor and an ihe 
Raman spectrum of an oriented single crystal they will 
appeal more intensely an the x(zx)y, x(vz)y and! x{yvx)y 
geometries (Figure 6) than in the x(zz)y geometry in “which, 
ideally, they are absent. The nomenclature a(bc)d for the 
Raman scattering geometry was proposed by Damen et al (107); 
im, this notation a indicates the propagation direction of 
the ineident light; b> indicates the direction or, che electric 
vector of the incident light, ec the direction of the elec- 
tric vector of the scattered light and d is the propagation 
divection of the scattered light. 

The Ay and E modes are Raman active only and in 
the spectrum of an oriented single crystal they are expected 
tO appeabk in the x(zz)y geometry, and to be very weak, 
ideally absent, in the x(zx)y geometry (108). They can be 
distinguished from each other because the peaks due to the 
AY modes can be polarized in the solution spectra, while 
those due to the E modes are not. Indeed, in the liquid 
phase, only peaks due to totally symmetric modes can have 
depolarization ratios less than 3/74. Moreover, if the 


single crystal is rotated 45° about the y axis (orientation 
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Figure 6. Scattering geometry used in the single crystal 
Raman study. 


M = monochromator. 


x OeeSOel Lon Ge ncloene ioht, 


4 direction of scattered light. 
The four-fold axes of the crystal were normally along the 


xX, y and Z axes. 
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2b of Couture-Mathieu and Mathieu (109)), that is, if the 
incident light propagates along x', which bisects the angle 
between x and z, and its electric vector is directed along 
z', which bisects the angle between z and x, then the AS 
Modes withh@stahhl berstmong i nimtheueh(2' zi) y sqeometry and 
absent in the x'(z'x')y geometry, while the E modes will be 
Stuongeriglinetheex:’ (2iixtspy ugeometry Lthan hin tehe Geh( a2" 
geometry, in which they are ideally absent. 


Hit 2) Restises Te0r HMT-h, 5- 


Infrared spectra were recorded between 4000 and 
200 cm + of a finely ground polycrystalline powder dis- 
persed in Nujol or in Fluorolube or pressed in KBr pellets. 
The standard "slit program of the’ Beckman I.R. "12 instrument 
was used. This provided a resolution of better than two 


and better chan 153 


wavenumbers between 400 and 600 cm. 
wavenumbers between 600 and 4000 em? Spectra of a number 

of different samples held both at room temperature and at 

100 + 10°K were recorded. 

It was found that the KBr pellets normally yielded 
better spectra and were easier to make. However, when using 
this technique, one must consider the possibility of phase 
changes due to the pressure treatment and of interaction 
between the sample and the pelleting agent. It is, therefore, 


necessarv to check the spectra obtained against those ob- 


tained by some other sampling method. In this study, while 
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the possibility of phase changes could be ruled out because 
HMT does not have any high pressure phase in the pressure 
range employed to make the pellets (110), the possibility 

of interaction between HMT and KBr was of concern in view 

of the readiness with which HMT forms complexes with halogens 
and hydrogen halides. However, since complete agreement 

was found between the spectra obtained by the two methods, 

it was concluded that no interaction took place between HMT 
and KBr. 


The infrared spectra of HMT-h in KBr pellets at 


12 
room temperature and at 100°K are reproduced in Figures 7 
and 8. The frequencies of the features are listed in Table 
2. The peaks are generally sharp with half-widths of five 
om + or less, the only exception being the peak at about 
1000 em + which is the resultant of several overlapping 
peaks and whose overall half-width is about 25 Sue The 
frequencies of the sharp features are believed to be ac- 


it a 


in the region up to 2000 em - and to 


pi 


Curates co, 1.0. 5..em" 
al om + between 2000° and 4000° cm ~, “the factor Limiting 
Ghe accuracy being the reproductpi lity of Ehe position, of 
the frequency marks. The uncertainty in measuring the 
frequencies of the weak peaks and of the shoulders is ob- 
viously larger and difficult to determine; an estimated 
VaLlueee= given for the! individueleteattres* ineithe tabice 


The accuracy of the frequencies previously reported was 


not discussed by their authors (85-94). 
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Figure 7. Infrared spectra of two samples of HMT-h, 5 in 
KBr. The upper trace refers to a sample held at room 
temperature, the lower trace refers to a thicker sample 


hetd at 100°R. “The right=nand transmission scale refers 


to the lower trace. 
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Table 2.> “ntrared Absorption Frequencies for Solid HMT-h, 5 


ae ou Rang 100°K2? 


Ref. 86 Reto) 09 This Work 
B00CK L007 K 
een Ws ae Views Wen Assign. 
Seah SA 3¥ Vs Sse O Sy es pS ors Vo5 
oto 2) W 613 W 
6 30 630 w 630 (1) Ww 6 30 vw 
672 674 vs 694.210..5) vs 673.0 vs Vo4 
nee Ed led BOR (aes ON 1) W 711. 0° w 
¥27 7262042) W 126.0) wW 
777 vw 
8074.51) sh S07 2F mi 
812 812 vs Sl245\(02 5) 2s S25 59s V53 
834 8354m 885291) W 833% 0" VW 
855 856 w 856 (2) Vw 856 vw 
87242) Vw 872 vw 
975K 3) sh 975 sh 
S92( 3) sh 994 sh 
1006 (3) sh LOUG.%s—s 
1009 L007 vs 100 G..8:(1) Vw 1007.4 vs Y 59 
LOTS 13) sh Lotz sh 
1020(3) sh 1024 sh 


(Table continued on next page) 
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Tanle 2, continued 


Ref. 86 Ref. 89 This Work 
3.0.0 2K 100°K 
Sy eee oy cree iene wren Assign. 
1048 LO505Vs 1048.0(0.5)" m 1049.3 m 
1134 TS Sr vw DSO. ) aw LT3 3% 3 
L190 bo 3 om LEO so (O..5). mM T1oL 7 a 
1206 203 02) sh 2077 
123 4)(-3:) sh 230.035 

1238 1240 vs 1233.0 (025) vs 1240.8 vs Voq 
25S 

1280 w 12:20 (2) sh se sh 
1288 1293 w 1291 Orel) Ww 1290.0) w 
T3392 1370 vs eS ee Client) as Uo ao 3S V5 
L3o7 ins “mm a9 3 2-0) GL) W 139220 w 
1433 1432.4(1) Ww 1434.1 w 
1441 1438 vs 1440.6(0.5) m 1440.5 m 
1456 1458 vs Gabe 2.0.39) 9S 1456.6 5 Vig 
1490 1493 w 1439. OC) W 1488.6 w 
537 La15 w L5l4,0( 1) vw Les O ar 
1585 
ihetees) 1593 w EO Are Ue DS) yew 15 9135-0 ew 
1608 1606 w 1608-000 5) ow 1607.5 w 


(Table continued on next page) 
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2220 


2142 


UAESKS, 
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300°*K 
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1690 W 
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1830 wW 
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1942 Ww 
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2020.4 m 
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20 Vw 
2S Vw 
2132 Vw 
2142 Vw 
AL SOR 0s Ww, 
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2292 
2268 
2347 


2387 


2481 
2543 
205 


ZOo5 


2744 


2204 
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PAPE 
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Zanve, al 


PEG a2) Sei 


300°K 


y/em + 


2164 (2) 


2189 (2) 
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23D U2) 
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2406 (2) 
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Table 2 continued 


Ref. 86 Ref. 89 This Work 

300°K HOOK 
SWaehiam U/en v/em ~ wisi 5 Assign. 
2890 2884 vs 28694 5 (l) m 2892.50 s 


ZO Gard (i) m 2904.3 m 
Pde VAM hes oe (ality m 2919.34 


2941.01) m SEIS) A Sie 


2967 2948 vs 2954.9 (1) Ss 2955.0 S Vi7 
2994 Zoo S05) sh 2997.55 
S56 66) Doe ole) W 3326 W 
3344 w 
3460 3465 (2) W 3465 Ww 
3473 
8963 3956 SUG) W 3965 W 


(a) Values in brackets represent the experimental error 
of the frequencies (in om +). 
(b) vw = very weak, w = weak, m = medium, s = strong, 


vs = very strong, sh = shoulder. 
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The room temperature spectra obtained in this 
study are generally similar to those published by Mecke and 
Spiesecke (86), but considerable differences in detail exist. 
A careful comparison with the spectrum obtained by Cheutin 
and Mathieu (89) is not possible because these authors did 
noti reproduce the: spectrum in their paper, but merely-listed 
the frequencies of the observed peaks and an approximate 
estimate of their relative intensities. However an exam- 
ination of this list (Table 2) reveals’ thati*their!spectrum 
differs in some detail from that obtained in the present 
study. The differences are probably attributable to the 
higher resolution achieved in this work. Unfortunately the 
authors of the earlier works did not give an estimate of 
their resolution, but, since Mecke and Spiesecke used a 
sodium chloride and potassium bromide instrument, their re- 
solution could not have been very high and, in the region of 
3000 om + it was probably now better than 0 cm *, Cheutin 
and Mathieu also used prism instruments and their resolution 
was probably also low. It is also believed that the frequency 
accuracy of *chi/s? work tvs- higher "than that of theséarlrer 
works. 

The most remarkable difierences between the spectra 
obtained at room temperature in this work and those obtained 
in the earlier studies occur between 2800 and 3000 eniie 


Cheutin and Mathieu detected two peaks in this region, at 


2884 and 2948 Sig day Mecke and Spiesecke found three at 2890, 
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2967 and 2994 em. Ten peaks were located in the same 
region during the present study. The difference obviously 
reflects a difference in resolution. Only two fundamental 
vibrations are expected to absorb in this region and, after 
extensive work, as indicated in Section II.1, was carried 
out to ensure that the remaining peaks were not caused by 
impurities, it was concluded that eight of the ten peaks 
are due to overtones and combination transitions. Some 
differences of lesser importance were found in the overtone 
region and are obvious from the table. They will not be 
given any further attention. The peak which was found at 
1238 and 1240 emt in the two earlier works was found, in 
this work, to have a shoulder on its low frequency side. 

In the present work six features were located between 975 


vavsbodluylsperetuies 


where the earlier authors reported only one 
peak at 1007 or 1009 cm™*, The shoulder on the low 
frequency side of the peak at 812.5 cm? is also reported 
here for the first time. All differences between this and 
the earlier works were carefully studied and were found to 
be real. It is therefore believed that the spectra of HMT 
reported here are the most accurate spectra of HMT reported 
ENUS sett. 

It can be seen from the spectra in Figure 7 and 8 


that considerable sharpening of the peaks occurs when the 


temperature of the sample is lowered. As a consequence of 
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this, several absorptions which appear as shoulders at room 
temperature become clearly resolved peaks at 100°KS This 
effect is particularly pronounced in the case of the shoulders 
on the low. trequency sidewofeathespeaks; at©]812.5 and 1238.0 
cm, which are well resolved into sharp peaks at 100°K. 

Raman spectra of a polycrystalline sample, an 
Oriented single crystal and a saturated solution in water 
were obtained. The spectra are shown in Figures 9, 10, 1l 
and 12 and the frequencies of the observed features are 
listed in Tables 3 and 4 in which the results of Couture- 
Mathieu et al are included for comparison. The resolution 
was 1.5 cm + throughout the range and the accuracy-ort the 
frequencies of the sharp peaks is believed to be + 1 cm >, 
The frequency of broad peaks and shoulders is less ac- 
curately known. The estimated errors for the individual 
features are listed in the tables. The depolarization ratios 
are shown for the peaks in the solution spectra. [In prin- 
ciple, the depolarization ratios should not be larger than 
0.75 (29). The values shown (Table 4) for the strong de- 
polarized peaks are very close to this value, but those for 
the weak peaks sometimes exceed it. This reflects the 
error of measuring the intensity of weak peaks. 

The single crystals used were large specimens 
having theimorphology of a rhombic dodecahedron whose gsym- 
metry elements were clearly visible. The crystals were 


first roughly aligned*vasually’,* with the three four-fold 
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Kigure il, Raman spectrarof a Single crystal of HMT-h, 5 


at room temperature, under x(zz)y geometry (upper trace) 


and under x(zx)y geometry (lower trace). 
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Figure 12, Raman spectrajodt| alsingle trystal me HMT-h, 5 


PiQroom temperature, undergoes (giz) )y geometry Mupper trace) 
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and under x'(z'x')y geometry (lower trace). 
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Table 3. 


Raman Frequencies for Solid HMT-h 


Reference 90 
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This Work 
ine. Type Assign. 
Sad E Vio 
Le6 P. Vo5 
O25 F. V54 (TO) 
Oe25 F. Vo 4 (LO) 
He) 
A, Vy 
O25 F, V53 (TO) 
O25 F, V53 (LO) 
eG F. V59 (TO) 
Oss E Vo 
025 F., V9 (LO) 
O73 F, 
5 Ay V3 
128 EF. Vo 1 (TO) 
0.85 F, V5, (LO) 
Ou: E 
Oe 


(Table continued on next page) 
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Table 3 continued 


Reference 90 


vy fem 


1349 
HE 2) 
1428 
1441 


1454 


1989 
2034 
2065 


2250 


ZG'S 


Zoo. 


2650 


Poe Rs 
2130 
2786 


2828 


i IDAnE 6 


7 


VW 


Type  y/em? 


E 1349: 22.01) 
Py Ean el) 
E 1426.9(1) 
E 1439.6 (1) 
E 1454.2(1) 
LAS 701) 


= Oe a2 GL) 


complex 
_ ALAS 


2404 (2) 


2 2626 (2) 


2640.2 (1) 


2oo9 (2) 
2678 (2) 
= EXSENTS 3) 


= STEEN AG) 


81 


This Work 

inte Type Assign. 
pa ae E Vg 
O38 a Y 20 
0235 E 

Oae5 E 

225 E V4 
sh F, Vig 
VW —_ 

Vw ~ 

Vw _ 

VW _— 

Osiz ~ 

One - 

Ow - 

Cal = 

Ons - 


(Table continued on next page) 


hen ont ae mae | 
gi! SE) peek (i) So 8bO8. g 
oe! 24 4.0 (LOOT el a 
o) Peso (Eye ash al 
e (26en (Lia. cent a 
et CD Sr nf 
pa xe As (opvebs 
- wy ~ (2) Ss. Paes 7 
Ko Eno 
- wy ense - 
- we (5) poss 
"4 a 
aa wit (Qhagas - 
: + USP (£) 5 .Obat 
7 pi 
: | - 
| . 40 (S)eeas 
a, - te (avatos 
- aad qs) ear 7 


»e 


| is.Fer = 


Sm « 3 


= 


Tabl 
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Reference 90 This Work 
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Intensities are in arbitrary units 
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Values in brackets represent the experimental error 


in frequency (in on). 


This peak was not seen by Couture-Mathieu et al 


because of instrumental limitations. 


served by Kahovec et al. 
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Table 4. Raman Frequencies for HMT-h in Aqueous Solution®. 
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Table 4 continued 


Reference 90 This Work 
ath _b aie 
v/om Polari- Inten- v/com eae Intensity 
ZaeLon sity 
2977 D Ss 20 S031) 0.45 30 
(a) Intensities are in arbitrary units 
(b) P = polarized 
D = depolarized 
(c) Values in brackets represent the experimental error 
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axes coinciding with the x,y, and z axes as defined in 
Figure 6. The fine adjustment was done in the following 
way. Peaks were selected due to vibrations whose symmetry 
type was known beyond any doubt, either from the work of 
Couture-Mathieu et al (90) or from the spectrum of the 
solution or from the infrared spectrum. The peaks chosen 
Werewdue” to the) vibration) of type E at 46370 see tivecs 
at 5b2...0 cm + and Chat on type. As sab i/o em >, 


2 1 


The orientation of the crystal was then adjusted to maximize 


of type F 


the ratio say fo See fon the A, and E vibrations, while min- 
imizing it for the FE, mode. This procedure gave excellent 
results and the polarizations measured thereafter were, in 
general, clearcut (Figure 11). Some of the peaks were 
studied (Figure 12) in the 2b orientation of Couture-Mathieu 
ana Mathieu (109), (Sectzon, Iil.l). Whe crystal “was aligned 
for this orientation by maximizing Tog lt aig! for the A, 
mode and minimizing it for the E mode. 

With the exception of the C-H stretching region, 
where the presence of overtones and of combination bands 
gives rise to a background which is strongly polarized in 
the spectrum of the solution, and whose polarization is not 
Clearcut in the spectrum of the single crystal, the symmetry 
type of the modes giving rise to all but the very weak peaks 
was determined unequivocally from their polarization behaviour. 
A comparison of the Raman results with the infrared spectrum, 


in which only the F, modes are active, confirms the assign- 
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ment of these modes. It can be seen from Tables 3 and 4 
that no great differences exist between these results and 
those of Couture-Mathieu et al (90)... A discrepancy which 
deserves special attention is the peak due to an F, mode 
which was found at 1457 em + in this work and which was 
not seen by the earlier workers. Couture-Mathieu also re- 


ie while a doublet at 671.0 and at 


ported a peak at 684 cm 
674.5 cm + was found in this work. The peaks previously 
reported at. 6227, 696, 1100, (2034, 2065 and 2563 a were 


not seen during this investigation. 


eZ 


TIII.3 Results for HMT-d , 


Infrared spectra between 4000 and 200 cm? of a 


polycrystalline powder pressed into KBr pellets were re- 


corded. Since the spectra of HMT-h in KBr pellets were 


12 
identical with those of mulls, it was thought unnecessary 


to check the spectrum of HMT-d 5 by the mulling method. 


Ht 
The spectra were recorded with the sample held at room 
temperature and at 100°K. The spectra are shown in Figures 
13 and 14. The frequencies of the observed features are 
listed in- Table 5. The resolution and accuracy of the ob= 
served frequencies are the same as for the light compound. 
The very weak peak at 2934 cm + could be due to hydrogen 
impurity in the HMT.| The half-widths of the bands are) dess 


a Ht 


than 8 cm -, with the exception of the peak at 1175 cm. 


which contains several overlapping peaks and whose overall 
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Figure 13. Infrared spectrum of a thick sample of HMT-d 


in KBr at room temperature. 
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Figure 17) Raman spectra of fan oriented crystal. or HMT-d, . 


at room temperature, under x(zz)y geometry (upper trace) 


and under x(zx)y geometry (lower trace). 
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hali-width as. about 38 cmt, and of the peak centered at 
aboue 908 ems whose half-width is about 15) cemoc. 

Raman spectra of a polycrystalline powder, a 
saturated aqueous solution and an oriented crystal were ob- 
tained. The spectra are shown in Figures 15 - 19. 

The frequencies of the observed features, their estimated 
errors and their polarization behaviour are listed in Tables 
5 and 6. The crystal used in this investigation appeared 

to be single under optical examination. It was aligned by 
the same procedure used for the HMT-h, 5 crystal, and the 
symmetry properties of the vibrations causing the peaks were 
unambiguously obtained. The polarization data were, however, 


not as good as for the HMT-h Single crystal. Laue x-ray 


12 
diffraction photographs, obtained using unfiltered molybdenum 
radiation, showed that the crystal contained two regions 
having very nearly the same orientation, and this defect in 


the crystal undoubtedly accounts for the poorer polarization 


data. 


IIi.4 Discussion and Assignment for HMT-h, 5- 


In this section an assignment of the infrared and 
Raman spectra based on the experimental evidence will be 
proposed. Points concerning the spectra of HMT~d, 5 (whose 
complete assignment is presented in Section JII.5) will be 
used to justify some of the assignments made for the light 


compound. 
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Almost complete agreement was found between this 
work and the previous works with regard to symmetry. The 
only exception is the assignment of the weak peak at 1306 
Saee to an E mode, while Couture-Mathieu et al assigned it 
tocan FE, mode. The results of the symmetry determinations 
are shown in Table 3. 

With regard to the selection of the peaks due to 
fundamental vibrations, some disagreement exists, and this 
will be discussed in the appropriate parts of this section. 
While most fundamentals could be assigned in terms of a 
particular internal coordinate from considerations based on 
symmetry, intensity and frequency, the assignment of some 
modes was not possible on these grounds alone. For this 
reason a normal coordinate calculation was carried out to 
gain a better understanding of the degree of mixing of the 
symmetry coordinates inthenormal coordinates. The details 
and results of these calculations are presented in Section 
ZLIZ Oy 

The C-H stretching modes. Four C-H stretching 
vibrations are Raman active and should be seen between 
2800 and 3000 om te two of them are due to FS modes, one 
tO, an Ay mode and one to an E mode. The two FS modes are 
also infrared active. One of the FE modes is based on the 
asymmetric C-H stretch of the methylenic groups, while the 
second F. mode, the A, mode and the E mode are based on 


2 1 
the symmetric C-H stretch. Since the different CH, groups 
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are not adjacent, very little coupling is expected between 
their vibrations. Consequently, the frequencies of the Aj 
E and F. modes based on the symmetric stretch should be 
very close, and should be distinctly lower than that of the 
F. mode based on the asymmetric stretch. The two peaks 


of medium intensity which appear in the infrared spectrum 


at 2873.5 and at 2954.7 cm 2 (Figs. 7 and 8) are almost 

certainly the symmetric and asymmetric F, methylenic 

stretching fundamentals respectively. The corresponding 
a: 


Raman peaks are seen at 2873.6 and 2954.8 cm (Figs.0.9 EOC 
11). This agrees with the assignment of Couture-Mathieu 
ets al, *The Ay mode was assigned by these workers to the 
strong Raman peak at 2933 cm, while the E mode was not 
located by them. In this work the Ay mode is assigned to 
one of the two peaks at 2861.4 and 2883.0 due to their 
proximity to the peak vat 2873.6....No. peaks were found whose 
polarization behaviour was compatible with an E type vib- 
ration. The E mode is, therefore, left unassigned. This 
assignment leaves the strong Raman peak at 2934.5 cm + to 
be assigned to an Aj, non-fundamental transition. A pos- 
sible assignment is to the first overtone of the E or EF. 


ss respectively. 


methylenic deformations at 1454 and 1458 cm 
The H-C-H deformation modes. Three peaks due to 

H-C-H deformation of symmetry Ayr E and F, should be seen 

in the Raman spectrum between 1410 and 1480 cmt, The 


vibration of type F., was assigned by Cheutin and Mathieu 
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to the two infrared peaks at 1440 and 1458 cm +. ‘They did 


not explain the reason for the splitting. It seems more 


Ht 


reasonable to assign the peak at 1458.2 cm ~ to this vib- 


ration. The peak at 1440 cm + probably arises from a com— 
bination of the vibrations at 779.3 (Aj) and 674.2 cm? 
(F5), as suggested by Mecke and Spiesecke. 


The peak due to the A, mode could not be located 


1 
in the Raman spectrum, while the mode of type E was assigned 
to the strong Raman peak at 1454.2 om 1, This agrees with 


the earlier assignments. The shoulder seen in the Raman 
spectrum of the single crystal in the x(zx)y geometry at 
14597 om > (Fig. 11) is assigned to the Fo mode, and is 
reported here for the first time. 

The methylenic twisting modes. One peak due to 
the methylenic twist of type E should be seen in the Raman 
spectrum. In aliphatic hydrocarbons these modes are 


1 (111). Couture- 


normally found between 1175 and 1310 cm 
Mathieu et al and Mecke and Spiesecke assigned this mode 

at 1441 and at 1020 om +, respectively. These frequencies 
appear to ‘bes toeo- high, and,,too; low, respectively.” A shard 
alternative is to assign the twisting mode to the peak at 
LAGE 2 com> which, in the earlier works was assigned to a 
ring mode. In the Raman spectrum of the heavy compound no 
peaks due to vibrations of type E were found above 1130 cm 


The 1349.2 sae peak is, therefore, shifted by at least 


20% on deuteration which is not compatible with the earlier 
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assignment. Therefore in this work the methylenic twist 


is assigned to the peak at 1349.2 cm +. ‘This assignment 


At 


leaves the strong Raman peak at 1439.6 cm (E) to be assigned 


to a combination band. Mecke and Spiesecke assigned it to 
a combination of the F, fundamental at 511 cm? with an in- 
active Fy vibration, for which they postulated a frequency 
On o25ucni emer hte tc compatible with the fact that in the 
infrared spectrum of the hydrate (Section V.) a peak is 
found at 934 cm + which could well arise from an Fi mode 


activated in the hydrate by the C a: site symmetry of the 


fe) 
HMT molecule (34). 
The methylenic wagging modes. One wagging vib- 


ration of type F, is expected to be infrared and Raman 


2 
active. Couture-Mathieu et al assigned the peak at 1370 
emr~ to this mode. However their description of the wagging 
mode makes it clear that they really assigned this peak to 
what is commonly called the methylenic rock (Fig. 20). If 
one takes their use of the terms wag and rock to be the same 
as shown in Figure 20, then their assignment is acceptable. 
The methylenic rocking mode. One rocking mode of 
type F is expected to be infrared and Raman active. The 
earlier authors assigned this mode to the peak at 812 cmt, 
This assignment is maintained in this work, provided that 
the term rock corresponds to the description given in Figure 


20. 


The ring modes. Both the C-N stretches and the 
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C-N-C deformations form the representation A, gale ta a 2F,- 


The two C-N stretching vibrations of type F, were assigned 


2 
by the earlier authors to the peaks at 1238 anda 006.6 om™?, 
These assignments appear to be reasonable and the spectra 

of the heavy compound are compatible with them. The doubly 
degenerate C-N stretching mode is assigned at 1015 emt, 

the only Raman band with the appropriate polarization be- 
haviour between 500 and 1300 om ?, In both previous works 
this mode was assigned to the peak at 1350 on Wiican 
this work has been assigned to the methylenic twist. The 
mode of type E based on the C-N-C deformation was assigned 


I and this is un- 


by Couture Mathieu to the peak at 463 cm 
doubtedly correct. 

Two peaks due to Ay modes are found below 1100 
cm? in the Raman spectrum of the crystal, at 1042.0 and 
OS cm? , They are certainly the ring modes based on the 
C-N stretch and the C-N-C deformation. The peak at 779.3 
om which is the strongest Raman peak, is assigned to the 
mode based on the C-N stretch (the ring breathing mode) 
and the peak at 1042.0 cmt is assigned to the mode based 
on the C-N-C deformation. This agrees with the assignment 
made by Couture-Mathieu et al, but Mecke and Spiesecke 
appear to have reversed the assignment, although they do 
not make their assignment of the ring modes completely 
clear. 


The two F. modes based on the C-N-C deformations 
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were assigned in the earlier works to the peaks at 672 and 
ral 
Sll cm ~. These assignments appear to be reasonable, sub- 


ject to the possibility of mixing between the CH. rocking 


Z 


and the C-N-C deformation coordinates. 


Iii.5 The Transverse and Longitudinal Components of the 
Infrared Active Modes of Hexamethylenetetramine-h,,- 

It is well known that, when a vibration is in- 
frared active, the macroscopic electric field associated 
with the longitudinal mode (LO) causes the frequency of the 
LO mode to be higher than that of the transverse mode (TO). 
For ionic, cubic crystals with two atoms per unit cell, 


the frequencies of the two components are related by the 


Lyddane-Sachs-Teller (LST) relation (7). 


4 2 
Eg = Fn (Vi o/Vpo) ih Bale 


where EG Poethiees Ati ced electric. Constants lout Ros ba gh 
frequency dielectric constant and V0 and Ving are the 
frequencies of the longitudinal and transverse vibrations 


respectively. A generalization of the LST relation due to 


Cochran and Cowley (112) states that, for cubic crystals, 


Neve os) € 
LO Onl /Z 
T : = ( Te 
fhe 22 | oe 


and is applicable to a system with N infrared active normal 


Vibrations. 


=mi et er 6 hich \dea3 nwood Ltew at 31 ax Cn , 
bedsinoess Blatt sittools sbapseb sent Sri \ovitos beast 
ener Yo yonsups 3 eft 2esues (02) shom fsnibutipnol eds cttiw . 
-{OT) sion arievensia pis to dada msds tedpin sd ica ell : 
{fen thay u9q amege owt udiw elsteyto ofdap voinok xo 


i] 

odd vd bedsley ste etnemognoo ows sAt Fo gotonoupe7?, add 7 
| -(%) weivelox (Tex) sefleT-edose-sasbbyd: 

; Le 
: a 

[L211 * smi Naat ? = 33 : 

a 2 


tepid stit 25 2 a a SEAS RLESD oigsde sit Bt .% oro 


afd ax on pn. a bre , usdanos oirtosiesh ra 


oF ob tal 381 8% ea x ons 9 20 Paaiaaesesane's 4 \ simp 7 
,eletayto siden! 68 ye aosste (SIL), yelwoo: mm siniie 
- 


108 


The magnitude of the splitting for a given normal 
vibration is related to the derivative of the dipole moment 
with respect to the normal coordinate under consideration 
by the following relationship due to Haas and Hornig (113) 

Zi 2 (n? 2) N ote 
v = Vang + 1/3 ~s—— (2) Eri. 3s 

hee i JQ 

where n is the refractive index at a frequency higher than 
the Erequency of the vibration, N is whe number of vib— 
rators per unit of volume, and (Se) is the dipole moment 
change induced by the normal vibration Q and is related to 
the absorption intensity. The TO and LO components can 
manifest themselves in infrared reflection spectra and in 
Raman spectra (113). It is obvious from the above relation 
that the splitting is expected to be very large in the case 
Ginmionivc: crystals pawhich ere very; strongimntiraréedywabsorbers, 
and much smaller in molecular crystals which usually absorb 
less strongly. However, peaks associated with longitudinal 
phonons have recently been identified in the Raman spectra 
of the molecular crystals CFy, HCN),£{§ DONNY, WCNGAtnG) HeieGis) . 


Doublets were seen in the Raman spectrum of HMT-h 


L2 
at. frequencies close to those of the strongest infrared 
peaks (671.0 - 674.5; 810.5 - 814.0 em *; LOO@.03) — 102745 
com !; 1236.5 - 1241.8 cm‘). ‘The hypothesis was formulated 


that the LO components of the F. modes were being observed. 
It was possible to test this hypothesis due to the different 


polarization behaviour of the transverse and longitudinal 
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modes. 
The nonvanishing components of the polarizability 


derivative tensor for the point group 7. are given below 


d 
(10S) 


a (Al) = & a ‘) 
Gas 


a’ (BE) 


d a) ad =n = O 


( 
a'(Foly)) = 6 ‘ d=a, =a 
( 


d 
d d=a = Qq 


a' (PF. (x) ) = 


a'(P5(z)) = 


For the infrared and Raman active F., modes the (x), (y) 


2 
and (z) represent the direction of polarization of vib- 
rations. Thus the x-polarized F. component is observed 
under Wey! the y polarized component under aoe and the z- 
polarized component under a_.. 


xy 

Lf «the Raman spectrumsis excited byslightseprop-= 
agating along x and is observed along y, then the wave- 
vector selection rule requires that the vibration observed 
propagates in the xy plane at about 45° to x and y (Section 
I.2). Thus the scattering geometry x(yx)y excites the z- 
polarized component of the vibration propagating in the xy 
plane.«..This is.a. transverse, ,.mode» withthe frequency, Vino * 
The scattering geometry x(yz)y excites the x-polarized 
component of a vibration propagating at about 45° to the x 


axis, and this means that both the TO and LO components of 
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of the F. modes are excited and bands should be seen at 


Vo and vio: 


It can be seen in Figure 21 that the high frequency 
component of each of the doublets mentioned above greatly 
decreases in intensity in the x(yx)y geometry with respect 
to the x(yz)y geometry. They can, therefore, be assigned 
to the LO components of the F 

2 2 


Yio 7 Yao for the different F, modes should be propor- 


5 modes. The difference 


tional to their infrared relative integrated absorption 
intensities as shown by equation III.3. In Table 7 and 
Figure 22 these two quantities are related, and it can be 
seen that they are approximately linearly proportional. 
Five of the F, modes do not show LO-TO splitting in the 
Raman spectrum, which is consistent with their low infrared 
intensity. 

On the basis of the above evidence, the Raman 
peaks at 674.5, 814.0, 1017.5 and 1241.8 cm + are assigned 


to the LO components of the F, modes, while the peaks at 


2 
671.0, 810.5, 1004.3 and 1236.5 cm are assigned to the 
corresponding TO components. 

When the above frequencies are inserted into the 
modifiedsLST equation, ~111.2, devalue Of sls055-r OS005 is 
found for the ratio am The refractive index of HMT was 
measured by the peace cue method (115) for sodium D light 
and was found to be 1.588 + 0.002 at 22°C. The static 


dielectric constant of HMT is therefore found to be 2.660 
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Figure 21. Raman spectra of a2 single crystal of HMT-h, 5 
at room temperature, under x(yz)y geometry (upper trace) 
and under x(yx)y geometry (lower trace). The frequency 


marks are 5 cm? apart. 
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Table 7. Relation between the Frequencies of the Long- 


itudinal and Transverse Components of the F, Modes and their 


2 
Relative Integrated Intensities for HMT-h,5- 
Vro/om Vmo/em + eae 7 ee a ete 
Intensity 
See e) S20 - 0.45 
G/45 671.0 O00. 2 7 1.0 
814.0 3 0e> ec ete nS Sep 
OM Sie 5 1004.3 Sl eee tr, Se 
1241.8 £23655 O27 98" s0e5 Dad 
137 02.0 o7.00 - 0.66 
1457.0 1457.0 - 0.47 


(a) In cm +/4709.25. 

(b) In arbitrary units. 

(c) The error in measuring the area under a peak was 
found to be about 0.05 (standard deviation of three 


determinations). 
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Figure, 22... Plot of (oe ae )/x vs. the relative inten-— 
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~ 0.008. It is, unfortunately, not possible to compare 
this value with the value found by dielectric methods 


because this value is not known. 


III.6 Discussion and Assignment for HMT-d, 5- 


The polarization behavior of the oriented crystal 
Raman spectrum (Figures 17 and 18), the depolarization 
ratios of the solution Raman spectrum (Figure 16) and the 
infrared (Figures 13 and 14) and the Raman activity of the 
peaks made it possible to assign the observed spectral 
features to modes of specific symmetry. The results of the 
symmetry determinations are summarized in Table 5. The 
assignment of the fundamental vibrations was made on the 
basis of the symmetry and intensity of the spectral features. 
While the identification of some of the fundamental C-D 
stretching vibrations is subject to some doubt, the re- 
maining fundamentals were located with little uncertainty. 
An assignment of the spectra in terms of internal coor- 
dinates is presented in this section. However, it must 
be kept in mind that a large number of modes of the same 
symmetry occur at frequencies between 400 and 1200 om, 
and it is most probable that the true normal coordinates 
are mixtures of the symmetry coordinates. Therefore the 
assignment given in this section is approximate, and a more 


detailed assignment results from the normal coordinate 
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The C-D stretches. Three medium intensity ab- 
sorptions are found in the infrared spectrum at 2080.4, 
21LO0G comand sc 1537 0) cm + and one is tempted to assign two of 
them to the two F, fundamental vibrations expected in this 
region. But a simple calculation of the kinetic splitting 
between the asymmetric and symmetric C-D stretching modes, 
based on the diagonal force constant obtained from the 
assignment of the C-H stretching modes, predicts a far 
larger splitting than the largest separation between the 
above three peaks (111 cm + against the observed 73 om™+) . 
Five bands which show the polarization properties of F. 
modes appear in the Raman spectrum of the solid, at 2081, 
ZOD ky te Lee cares nan 224 145.7 cm}, The breadth and 
the polarization behaviour of the peak at 2081 cm + suggest 
that it is due to a non-fundamental transition, possibly a 


combination of the F.~ vibrations at 1174 Pri and 908.1 ay. 


2 

The peaks at 2105.1 and 2106.6 cmt in the Raman and in- 
frared spectra, respectively, are probably due to the fun- 
damental F. mode based on the symmetric C-D stretch. The 
Raman peak at 2211.5 om + does not have a counterpart in 

the infrared spectrum and it is a possible candidate for the 
asymmetric C-D stretch of type F,- Another possibility is 
to assign this mode to the peaks at 2228.0 and at 2226 om + 
in the Raman and infrared spectra, respectively. The second 


assignment is preferred here because it would otherwise 


be difficult to explain why this mode does not appear in 
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absorption. 
The polarization of the solution Raman spectrum 


is quite uncertain in the 2000 to 2200 cm? 


region, due to 
a strongly polarized background which makes all peaks 
appear at least partially polarized. In addition, no one= 
to-one correspondence is found between the spectra of the 
solution and that of the polycrystalline sample. However, 
the results of the polarization studies on the oriented 
crystal allow the Ay fundamental to be located. The polar- 
ization of the peak at 2109.6 cm (Figures 18 and 19) 


clearly identifies it as due to an A, transition, and its 


a 
frequency is very close to that of the FE. mode based on the 
symmetric stretch, as expected for the Ay fundamental. No 


peaks with polarization compatible with an E mode were 
located in this region; it is, however, reasonable to 
propose that the peak due to the C-D stretch of symmetry E 
is overlapped by the peaks due to the corresponding A, and 
F, modes, and for this reason, and because of the imperfect 
Crystal polarization datayeic could not bevlocatea: 

The D-C-D deformation modes. The peak due to 
the methylenic deformation of type Ay is easily identified 
in the Raman spectrum of the solution as the polarized peak 
at 1143.5 cm +. Two peaks, at 1131.4 and at 1137.0 cmt, 
in the Raman spectrum of the oriented crystal show a 
polarization consistent with an A, mode (Figures 17 and 19). 


1 


The strongest of the two, at 1131.4 cm ~, is assigned to 
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the Ay methylenic deformation, while the weaker one, at 
=a) : 
1137.0 cm, can be assigned to a combination of the F. modes 


at, 725.5 and 408.3 cm? whose Ay component is enhanced in 


intensity by Fermi resonance with the fundamental level at 


qed 4 ene 


Four peaks which can be assigned to FE, modes are 


found in the infrared and Raman spectra between 1050 and 
1200 oie where the cD. deformations are expected to occur. 


En vacdition to. the iF CD. deformation, an F., C-N stretching 


2 2 


mode and the FE. methylenic wagging mode are expected in 


this region. By analogy with HMT-h the ring mode is 


12s 
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assigned to the very strong infrared band at 1174 cm, 
while the Raman peak at 1185 Sh is probably due to the 
corresponding LO mode (Section III.7). The F. methylenic 


deformation can, therefore, be assigned either at 1105 or 


al 


Atel SSeciMiin; and it is tentatively assigned at 1105.0 cm >, 


It is, however likely that a large degree of mixing between 
coordinates of the same symmetry gives rise to the normal 
modes which occur in this region. 


The polarization behaviour of the peaks at 1121.4 


al 


and 1069.0 cm identifies them as due to E modes. The 


doubly degenerate CD. deformation is tentatively assigned 


to the peak at 1121.4 cm >, 


The CD, wagging mode. The only remaining peaks 


to which the F. cD. wagging mode can be assigned are at 
ui 


1075.3 and 1077.5 cm in the Raman and infrared spectra 
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respectively. 

The cD, twisting mode. A peak due to an E mode 
Sccurs fat 2069 cm? , This peak is assigned to the methyl- 
enic twisting mode. 

The CD. rocking mode. The F, methylenic rock is 
assigned to the peaks at 725.5 and 726.6 em + in the Raman 
and infrared spectra respectively. This implies an iso- 
topic shift of 11 percent, which is unusually low for a 
mode that essentially involves the motion of hydrogen atoms 
only. Since two ring modes of symmetry EF, occur av 
frequencies below 650 cm, it seems probable that con- 
Siderable mixing exists between the methylenic rocking and 
the ring coordinates, and that the normal vibrations have 
different forms in the light and heavy compounds. This 
could account for the anomalous” isotopic shifts foundvin 
this region. 

The ring modes. By analogy with the assignment 


of HMT-h the two ring modes of type F. based on the CN 
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stretch are assigned to the very strong infrared peaks at 


Peja Sand= #906 a ém7 1 The A, mode is unequivocally as- 


signed to the very strong Raman peak at 748.0 cm? (the 


strongest Raman peak), while the E mode is tentatively 


assigned at 866.5 emt, to the only peak with the approp- 


riate polarization behaviour between 440 and 1050 cm™?, 


The two F, modes based on the C-N-C deformations 
are assigned to the absorptions at 640.0 and 408.1 cm), 
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The corresponding features in the Raman spectrum are the 
doublet at 636.2, 641.4 cm! and the peak at 408.3 cmt, 
The low frequency mode exhibits a shift of about 25% on 
deuteration which is anomalously high for a ring mode. The 
probable reason for this has been discussed in connection 
with the assignment of the methylenic rock. 

By analogy with the light compound, the A, mode 
based on the C-N-C deformation is assigned to the Raman peak 
at 975.1 cm + and the E mode is assigned to the peak at 


222) Geom: 


LEE etO-LO“Splutting of the F, Modes of HMT-d, 5. 

Strong evidence exists to indicate that the long- 
itudinal and transverse components corresponding to the in- 
frared absorptions at 640.0, 908.1 and 1174 om + were observed 
in the Raman spectra of the crystals. Unfortunately, because 


theycryactalsor HMT-d was not perfect, the Raman evidence 


ee 
is not as definitive as that obtained for the light compound. 
The polarization behavior of the doublets at 636.2, 641.4 

cm +, che 0 Tie Siel7Aandte! om t andeadtel J ese ll Somes om + is 
shown in Figure 23. In all cases the high frequency com- 
ponent of the doublet had lower intensity in the x(yx)y 
geometry than in the x(yz)y geometry, as expected for an 

LO mode (Section TIls5). “BUC it was found that small changes 


in the position of the crystal (leaving the orientation 


unchanged) changed the relative intensities of the two com- 
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Figure 23. Kaman spectra of a crystal of HMT-d, 5 at room 
temperature, under x(yz)y geometry (upper trace) and under 
x(yx)y geometry (lower trace). The frequency marks are 


5 cm + apart. 
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Table 8. Relation between the Frequencies of the Longitudinal 


and =Transverse “Components vot ‘the r. ‘modes Yand Ehewr Relative 


2 
Intensities for HMT-d... 


12 
Vpo/em Vy o/em oe c ae ; Ae Sti 
Intensity 
408.3 408.3 ~ 020 
656.2 641.4 Opes 20m 10 
25 TINS SS = 0.40 
FOS tes SUPA Ets Do 45 a 0.23 Zire 
OT sro LO ee - 0.43 
LO Te 0 LOR 0 = 0.24 
Pee 2 Le Dees By Oe Os © 4.21 


(a) Units are (eum eyeet4s0 
(Dj Arbitrary Sunes « 
(c) The error in measuring the area under a peak is 0.05 


(standard deviation of three determinations). 
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ponents (although the high frequency component still had 
lower.intensity in the.x(yx)y, than in x(yz)y geometry). 
This casts some doubt on the Raman polarization results, 
but is undoubtedly due to the fact that the crystal was not 
perfect. The values of mee = oa for the three Raman 
doublets and the relative integrated intensities of the cor- 
responding infrared absorption peaks are tabulated in Table 
8 and plotted in Figure 22. An approximately linear re- 
lation exists between the two quantities; moreover the 
remaining FE, modes, which are considerably weaker in absor- 
ption, do not exhibit a splitting in the Raman spectrum. 
All of the above evidence indicates that the Raman peaks 
ate o4124 0912, 85dnd. 1135.38. are, due to the, LO components of 
the F, modes, while the peaks at 636.2, 905.7 and 1171.2 
cm + are due to the TO components. 

If these frequencies are inserted in equation III.2, 
the value of ea PSpoven. Ase 057. 20 00S s5or HMT-d,.- 


The refractive index for the sodium D line was measured by 


foe} 


the Becke line method (115) and found to be 1.584 + 0.002. 
Theraerore, the static dielectric constant of HMT-d, 5 can be 


Calculated) to be.2.652 2 0.008. 


III.8 Normal Coordinate Analysis. 


Ains of thescalculations. 


The normal coordinate calculations were carried 
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out with two aims in mind. First, to test whether a single 
force field would reproduce the experimental frequencies 

and assignments for the two isotopic molecules. This would 
provide a test of the mutual compatibility of the two assign- 
ments and would add reliability to them. The second aim 

was to obtain a more accurate description of the normal 
vibrations in the two molecules. The assignments made in 
Sections III.4 and 6 can only be considered approximate. 

The description of a normal vibration in terms of a single 
symmetry coordinate, although useful because it gives a 
physical meaning to the assignment, can be misleading 
because if the frequencies of two or more symmetry coordin- 
ates in the same irreducible representation of the point 
groups lie close together, and if a mechanism for coupling 
exists, the normal vibrations of the molecule will be the 
resultant of this coupling and should be described as a 
mixture of all symmetry coordinates involved. In this 
panpticular problem a Situation of this’ type "certainly 
existed, especially in the case of the perdeuterated com- 
pound between 1000 and 1200 cm! and between 400 and 750 cm, 
and it was thought that the unusual isotopic shifts ob- 


served could probably be explained in these terms. 


Methods. 


The calculations were carried out using a set of 
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Table 9. Internal Coordinates for Hexamethylenetetramine. 
Coordinate Number Description® 
ry dk V(Ng-C, 9) 
ro 2 Vv (Ng-Cg) 
r3 3 v(Ng-C.) 
ry 4 v (Nj -C.) 
Ie 5 v(No-Cg) 
re 6 V(Ne~Cy 9) 
ra 7 v(N--C3) 
Ig 8 v (Nj -C3) 
Lg 9 v (N,-C,) 
Yio 10 v(N5-C,) 
Th Ted v(N.-C,) 
YW 12 v(N_-C¢) 
ay Les 6 (C,-N2-C,) 
On 14 6 (C¢-N_-Co) 
a5 TS 6 (C,-No-Cg) 
Oy 16 6 (C,-N,-C,) 
Oe a 6 (C,-N)-C,) 
Oe 18 § (Co-N-C3) 
da 19 6(C,-N_-C, 4) 
Og 20 6 (C,-N,-Ce) 


(Table continued on next page) 
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Table 9 continued 


Coordinate Number Description® 
Qo on 6 (CE-N.-C, 9) 
“10 a2 ° (Co-Ng-Cg) 
nt = *(6G=N gC) 9) 
“12 oe See eis ciG? 
on 25 § (Nj -C,-No) 
B5 26 6 (N,-C,-N,) 
B3 Pad | 6 (N) -C,-N.) 
By 28 6 (N--C,-N.) 
B. 29 5 (N7-Cy-No) 
Be 30 6 (N_-C) 9-No) 
S$} a v (C 3-H, ,) 

S. 32 v (C3-H, >) 
S 3 35 v (C-H, 3) 
Sy 34 v (C5-H, 4) 
Se 35 v(C,-H, 5) 
S¢ 36 v(C,-Hy ¢) 
So 37 Vv (Cy 9-H, 7) 
Se 38 V(C, 97 Hyg) 
So 39 v (Cg-H, 9) 
$40 40 v (Cg-H99) 
$41 41 v(Cp-Ho1) 


(Table continued on next page) 
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Table 9 continued 


Coordinate 


=) 


Number 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 


a2 


a) 
54 
ip 
O18) 
57 
58 
oe 
60 
61 


62 


(Table continued on next page) 


: beahcel 
Description 


p26 


(gga w 
7 el teeth : Fe 7 
. Vg gt ty tig ge We 
(Bs game ey 
(soit sap ghhe oF 
{geet Th 
(ggg yl = 
(Hom pHs on 
(Ue Dre (MPO 02 
(aU Dr pp Md. te 
(M~ De 88 ce | 
(jt Sagat” Ee 
(Mr gy a” Az 
( ola? ae 
Tt Latina, yey” a2 | 
7 ieee ; , ve i i 
| yr yore git? Q) 


| “no keeieaeem) - 7) 7 socio | 
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Coordinate 
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72 internal coordinates and a valence force field. The 
internal coordinates are defined in Table 9 with reference 
to Figure 2. * Wilson's GF method (15) was used. The G 
matrix elements were calculated from the structural para- 
meters determined by Andersen (79) and the atomic weights 
(96) using GMAT, a program written in FORTRAN IV by 
Schachtschneider (116). The values of the G matrix elements 
for both molecules are listed in Appendix I. A set of 
internal symmetry coordinates were constructed using standard 
methods (15). They are listed in Appendix II. 

The frequencies and forms of the normal modes 
were calculated using the programs VSEC and EPERT written 
by Schachtschneider (116). The programs were modified to 
accept larger matrices (99 x 99) and were then tested by 
carrying out calculations on methyl fluoride and tertiary 
butyl bromide. The solutions obtained by Schachtschneider 
(116) and by Bertie and Sunder (117) were reproduced 
exactly. 

VSEC solves the secular equation |GF-E\| = 0 where 
Gis. the G ‘matrix; rk’ isthe fF matrix,;"E is°"a Une Matrix OL 
the same size as G and F and the \A's are the unknown 
eigenvalues of the equation. This program was used in 
preliminary work when a reasonable force field was being 
sought. FPERT calculates the eigenvalues from an initial 
force field, then adjusts the force field, using the least 


Squares method as a criterion for the agreement between 
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calculated and observed frequencies, and solves the secular 
equation using the adjusted force field. This procedure is 
followed until the eigenvalues converge and further refining 


does not improve the agreement. 


Results. 

Several diagonal force fields were tested using 
VSEC and, while none of them gave a satisfactory agreement 
between the observed and calculated frequencies of HMT-h, 5, 
a force field was found which seemed a useful starting point 
for more complicated force fields. Several interaction 
force constants were then introduced, one at a time, and the 
force fields so obtained, including the diagonal one, were 
refined using FPERT to fit the, frequencies of HMT-h,.. 
The diagonal force field yielded a rather poor agreement 
even after refinement, the average error between the ob- 
served and calculated frequencies being about 7%. A quite 
simple force field, which used the diagonal constants and 
the force constants accounting forthe interactions between 
the C-N stretches and the H-C-N deformations (common C-N), 
the C-N stretches and the C-N-C' deformations and between 
the C-N-C and C-N-C' deformations, yielded an average error 
between calculated and observed frequencies of 1.7%. This 
was considered to bequite good, and the same force field 
was then used to fit the frequencies of HMT-h, 5 and HMT-d,,- 


After refinement the frequencies of both molecules were 
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fitted with an overall average error of 2%. Later the 
interaction force constant between C-N-C and C-N-C' defor- 
mations was constrained to zero, and the force field so 
obtained was refined to yield an overall average error in 
frequencies of 2.1%. 

Considerably better agreement between observed 
and calculated frequencies was found using more complicated 
force fields.’ In particular, a force field which’ included 
the four interaction force constants mentioned above and 
two more constants which accounted for the interactions 
between the N-C-N and N-C'-N' deformations and between the 
C-N-C and N-C-N' deformations, reproduced the observed 
frequencies within 1.09% on the average. However, the use 
of these complicated force fields resulted in very large 
contributions to the potential energy distribution from 
some of the interaction force constants. Whenever this is 
the case the physical significance of the potential energy 
distribution is greatly diminished. 

Of particular importance is the® result that the 
calculated assignment of the normal modes of internal co- 
ordinates, whether indicated by the potential energy dis- 
tribution or the eigenvectors, was very similar for all 
force fields which yielded reasonable agreement. There- 
fore the simplest of these, which had only three interaction 
force constants, was selected as the most useful one to 


report. The force constants and the potential energy dis- 


a ai | 
Oey a Bs) ae 


- i) a 
/ o8o tered vee mouse i ree) une 
<q0teb ‘D-H Bre: Deu nai 

ge Sfiei2 sorio® bila hoe ees oe ist 
at tore éuunaek ‘Hinsnve ts Blety rs 


pavasedo mows ad dresses settee eidakebindant 

betsoriqmos 10m pris Fan wos @aw eoloneapestt fesetuoias PAs 
+ 

pebuioal. sn oidw 81953 s5107 & Cre luva byied ar -sblott ound 


aVvcds& pone ha nea atnstaenco soto? nolsosissAt aio ‘sit 2 i 


bre 
sHortos*e¥nt odd AO Getaueooe rip dst adnsd snes ein om 


sit tsawited Ane siotienudteb ‘W-'o- bas B-o-“ eit “19! a 
pavaoedo ont besuhorass e820. sarseteb 'W-O-" Bas one 

gay af@ .¢svswoH .speiévs siz no #@0,f atdetw eatone * 
apie! yaov of bsdivess ebiels soust hatanl iqmos dass 
wert notsudizgeto Yersne feisassoq eat o2 snl 

#r atria ssversdW ald eoxot noisossedat ot to's 


qpiens Leitneroq/ oat $6 samedi thnoie Lettavdea odd ones art: 


-65 [emtainr’ te cael ai ait to themipivas ene rwolso 
BEB | Aipiens ietsaesba and xd hovsobbat tedtodv saint = 


tis x02 preva ay Acaanmteing és end x0 nok: ca 


3 i 


Table 10. Force Constants for Hexamethylenetetramine. 


Number Value® Error Description 
Al SST Ors C-N Stretch 
2 e612 0.10 C-N-C Deformation 
3 we23 | Or. 09 N-C-N Deformation 
A 4.614 Or0l C-H Stretch 
5 0259.0 02007 H-C-H Deformation 
6 Ue-wem Ee) Oro12 H-C-N Deformation 
iy 0.447 0.04 C-N Stretch H-C-h apetormation 
Interaction 
8 0.544 O..07 C-N Stretch, C-N-C Deformation 
tnteraction 
9 0487 LG e203 C-N Stretch N-C-N Deformation 
Interaction 


: o-] 
(a)* Force constants 1 and '4 in units of mdynes A. 
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273 psacand, 6, in, units of mdynes A, all orners ein 


units of mdynes. 


aa cm 


<ontmazdesone 


a om 


aa a 
- io 7 
- 


io 


natn) 
ri isaease oe 


no ttm “OT =) OL.0 


. oo - - 
fH sarin ae Yeo ‘ 20.0 nn 
7 ae 
dutetye BO locale o »  MPLDeRe 


ih : 


a 

a oo 5 

ap itenzohed: R=DH mo 00 0 i 0ee a - 
‘23 7 

oft amistad UD Stn. 6 ‘eL ene or 


| Sie 
noktamoted, Ula rigeteake Ht u-or- "| poe weAL : 
; Ler i : i 
F aoisevabunt e - ; 7 
; 7 a 7 
notsemsoted J-W-D) dosess2. Aro - Yo.0 ~~ $82.0  . 
; a ; 7 : - a ; 
molagaqodar FAs = eae 


ot ' 7 7 
1 : . a 
noisesmrotad U-3-% Mea W7 . $0,090" BLT 20 me 


7 


5 
nob: Laoassitan i > © are : 
at ; 7 -_ 
' =) 7 . — a 
; i Ali ; Mh i 
i =? 
ay A senybrr to siaand rk ’ me ue oaegnen os sabe 


ui avedto. dis A aonvon 1 ani mers 
ij ran 4 ; 


Table Ti. 


Normal Modes of HMT-h 
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Distribution of the Potential Energy for the 
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in Table 10.2% 


among the Force Constants Listed 
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“The entries after each frequency are in 


the torce constants in Table 10. 


FREQUENCY =2873.2 CM=1 

020033 0+0015 04-0020 0.699€7 040020 0-00CC -0.0002 -0.0016 0-4-0023 
FREQUENCY =145969 .CM=-} 

Oc0LF7 060091 040121 0.0028 06.7869 0.42045 —0.0383 -0.00S3 0.0131 
FREQUENCY =104A.0 CM=1 ; 

060150 Q653629 0464822 9.0049 0.0010 0.6867 6.0227 -0.0524 00.0739 
FROQUENCY = 767-0 CM=-1 

160146 020383 0-05C3 O60017 CeGOCE C.COFi -0-.0561 0.41356 -061970 
FREQUENCY =1279e2 CM=-1 

0.0 0.0 0.0 0.0 0.0 1.00C0 0.0 0.0 0.0 
FREQUENCY =286565 CM=1 

000037 040003 0.0013 049938 0.0018 6.C0CO -0.0003 -0.0016 0.0005 
FREGUENCY =1458.8 CM=1 

0.0002 0420073 040023 0.0012 0467422 022431 C.0040 0.0064 -0.0006 
FREQUENCY =1356&.5 CuR=1 

0013532 060135 040138 CeO0C7 C2042 C.8582 -0.0157 -0.0263 -0.0215 
FREQUENCY =1005e2 CM-1 

06S3ES 060303 0.1607 90460034 0.0166 Cel20C C.05C65 -0.2387 -0.93482 
FREQUENCY = 50506 CM=1 

0.0358 0467588 O2t11 0420009 Ge00CS 0404£1 -C.0233 0.0535 -0-.04824 
FREQUENCY =2952.4 CM-1 

06.6000 060022 0.40 0.9941 - C0 6C.004E C.00Cd 0.0 -0.0001 

FREQUENCY =1401.3 CM—1 Se ea a pie 

0.1136 040377 0.20 Ce0003 0.0 C5UAG=)  aileiGle) 2 OGG) -0.0327 
FREQUENCY =1340e2 CM-1 

063160 040236 0-0 020000 0.0 C.9S643 -0.2913 0.0 “+ 000432 
FREQUENCY =117465 CM-1 

060814 0460632 0-0 BoOOOS: a0) C.424S -0.07C8 0.0 0.1199 
FREQUENCY = 911064 C41 are 
0.0755 0205457 020 0.0059 0.0 CeO3C4 0.0026 0.0 0.0318 
FREQUENCY = 34163 CM-1 

0.0010 0.8738 0-0 Cs0004 C0 C2.10S2 Ce0009 0.0 0.0147 
PRE OUCRC YES DOSORONGO 

020000 960071 C-0000 065877 €e0000 0400€2 6.0000 0.0000 -0.0001 

FREQUENCY =2270.7 CM-1..~~— : Ta zs 

020036 060006 060019 Ge4922 0460015 020001 -C.0002 -0.0016 0.0010 
FRECUENCY =145°%e¢4 CM-1 

0e0052 0.60124 O5460049 0.0020 C.7647? Co22C7 -C.01C9 -0.0019 0.0030 
FREQUENCY =13666.1 CM=1 

OsOASO  O.0130  OsOOCl CecOol “0.0044 1 1GS")—0. 1781 0.0006 —o.02R5 
FREQUENCY =1217.20 CM-1 i. al nee ie 2 aoe 
Oe7718 062375 C€e04S3 0.0087 CeOc7l Ce2921 -C. C735 =-0.0754 —6.23543 
FREQUENCY =1014.5 CM-1 

OePE3S Onacoel OelGls On10066 C.oOOCcl C.337) CeOSi7 —O.0662 0.0705 
FREQUENCY = 3235263 CM-1 < 

OLD 764 OCO1G4 | Ovlore | O.Oge2. (60016 C.068S | O.Ol7s =—Coils9 —O.0669 
FREGUENG Ye =meOie-s 17a —iler |) aun Mammals aan MONO nt cumbia ae =e 
0647357 Ce£203 Oe 2i3i CeV00C3 ce00dce 0.-C962 -0.0020 0.1864 —0.4095 
FREQUERCY = G6H20e4 CM-1 

000220 06466714 04-0414 C€-900H 04.0028 0462967 0.0046 -0.017) -0.0220 
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Table 12. Distribution of the Potential Energy of the 


Normal Modes of HMT-d, 5 among the Force Constants Listed 
inetabtetl 0. 


Mode Type 
A FREQUENCY =2108.8 CM} 
1 a 020149 060078 0.0099 0.9579 C.CCEE €.00C1 -0.0008 -0.0072 6.0102 
A FREQUENCY =1126-2 CM-1 
2 L  _O6ck1F 061414 061679 040320 0.€315 CeC547 -0.0358 -0.0e61 040933 
A FREQUUNCY = 96Re.1 CH=] 
3 Al 060368 0406248F 063366 0.0030 0.2210 06246& -0.6590 0.0678 -0.0957 
A FRLQUENCY = 7330S CM~1 
4 1 O69393 06014Z O.01RY 0.0071 O0.02ES CeOO01E 060237 060819 -001156 
A FREQUENCY = 90660 CM-1 : 
5 2 ow Os0 1) o-a 0.0 0.0 120000 060 020 020 
E FRCOUENCY =2CS7e6 CM-I 
6 020176 Ce.0008 0.C078 €.5720 (29074 0.0CC2 -0.0010 -0.0072 0.20019 
7 E FREQUENCY =1131e7 Cri-1 
020545 06CE73 060684 020052 060011 023907 0.0437 -0.13C0 -0.1049 
8 E FRCQUENCY =1067-5 CM-1 
+ 040429 0601CO 040309 €.0108 C786 061E47 ~C.0580 -0.0224 09-0107 
FRt QUENCY = 849.3 CM—1 
9 023604 060025 060415 0.0050 €.0032 CeoEI13C C.054a8 -0.1053 -0.0150 
10 E FRCQUENCY = 47463 CM-1 ° 
0e0359 O67256 062010 060629 0.0062 0.0776 -0.0277 0.0622 -0.0809 
11 Fi FRCOUENCY =220Ge5 CM-1 
Oe00Cl O.CC7S 0-0 0.9750 C.0 OcO1EE 0200CO 0.0 -0.9004 
12 Fi Hata Tah ee PEAT lt a a a a ci | Pea ae ee 
r 120305 O0-.1z2o2 0.0 0.0016 0.0 C.193C -0.1719 0.0 -001824 
&REQUPNCY =105403 CM=1 
13 1 020340, 0260120 0.0 0.0013 C.0 1605£2 -Ooll€l 060 020104 
14 Fi FREQUENCY = Se@U0el CM—1 
F 0.0311 040122 060 C0062 020 068835 020383 0-0 -0.0157 
FREQUENCY = 759605 CM-1 
15 A Mona Corned ol) 0.0207 0.0 Oe77E2 060202 020 0.0333 
16 Fy FREQUENCY = €77et CM=-1 
C.V002 0263925 0.0 €.0005 C.0o Cel8S7 060007 0-0 0.0064 
17 Fo FREQUENCY =222769 CM-1 
049601 040271 C.00CO 0.9536 (C-00C1 04C1SE 040000 0.00¢0 -0.0005 
18 FP, “PRLUUENCY =210007 Cm-t =) Lok: 
000167 06€926 0-.0CB4 C.S687 040077 C-00C2 -0-0010 -0.6072 04-0040 
19 F, FREQUENCY =119009 CM=-1 
5 0. 2065 0062072 060468 060119 0460000 042823 -0618C6 -0.0671 -—0.2673 
FREQUENCY =109365 CM=1 
20 2 0.0386 061277 04.0361 0460162 664922 043571 —060008 -U.0064 -0.0039 
21 PPRES(ERCyY 1071.6 thle oa ee ae eee 
Oe313B1 060241 020225 0060063 Ce21C0O 06724C -002030 -0.0443 —C.0566 
22 Fo FREQUENCY = d93e0el CM] 
F 060938. O«2011 UeC7ES 0602F6 0460840 C3567 04-0644 -0.0477 0.0832 
23 2 FREQUENCY = 73503 CM-1 
F 0.7603 0.0015 06CH22 040057 Ce00E1 04162 041574 -040820 -0.0305 
24 2 “FREQUENCY = 044.24 CM=1 
F 064409 065081 0621E4 020021 0460013 0409CS -060710 041812 -063719 
25 2 FREQUENCY = 352.8 CM-1 


0.0337 0-56S8 0.0203 0.0006 04-0040 04428E 0460024 -0-60159 -0.0438 


aDh e entries after each force constant are in the order 


of the force constants in Table 10. 
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Enabubronjarenlistedsin Tables 1Weand«llsandyi2ei respectively. 

The potential energy distribution directly yields 
an assignment in terms of internal coordinates. However 
this assignment is not very specific for the H-C-N defor- 
mations, because it fails to indicate whether the normal 
mode in question involves the methylenic wag, rock, twist 
or deformation. This information is provided by the sym- 
metrized eigenvectors, that is by the elements of the Le 
matrix which relates the normal coordinate column matrix Q 
to the symmetry coordinate row matrix S through the matrix 
equation S = LQ. The elements of the jie columneos L. 
yield the values of BO As which indicate the assignment 
of the eae normal coordinate. The L. Matrix] ishnetdcal- 
culated by FPERT, so the final force field was used in the 
program VSEC, which does. From the results, of this (cal— 
culation and from the potential energy distribution the 
calculated assignments shown in Tables 13 and 14 were ob- 
tained. 

As can be seen from Tables 13 and 14, the assign- 
ment obtained through calculations agrees well with the 
empirical assignment proposed in Sections III.4 and III.6. 
The only serious descrepancy concerns v3 of HMT-h, 5 and 


-d which were described in Sections III.4 and III.6 as 


10% 


5 and CD. rocking modes, while the calculations show them 


to be CN stretching modes. The calculated assignments are 


CH 


more consistent with the observed isotope shift and are 
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undoubtedly the correct ones. The rocking coordinate of 


type Fo was found to contribute to Vo and v an HMP—h 


22 ae 


in HMT-d 


and to VoQ! V3 and Vos 12° 


A less serious descrepancy is observed in the 
description of V4 of HMT-d, 5- This mode was tentatively 
described in Section III.6 as a methylenic deformation, 
while the calculations show it to be a mixture of the CN 
stretching coordinate and of the cD. twisting coordinate 
of type E. The methylenic deformation coordinate is assig- 
ned, by the calculations, to Ve- The calculations show 
some normal modes to be mixtures of several symmetry co- 
ordinates. The extent of this phenomenon is particularly 


pronounced for the modes of HMT-d between 1000 and 1200 
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Table 13. 


Description of the Normal Modes of HMT-h... 
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Experimental and Calculated Symmetry Coordinate 


a Saag Se 


Experimental 


Mode Type oem 


Vy A, 26861004 
or 2883.0 
V5 a 
V3 Ay 1042.0 
V4 A, GAB eee 
V5 Ay = 
Ve E x 
V4 E Ta Sa .2 
Ve E 349.2 
Dg oe) aon 
Vio E 463.0 
vert : 
Yo a = 
Osc eal zs 
aya . 


Description 


Symmetric CH 
Stretch 
C-N-C Defor- 
mation 


C-N Stretch 


CH, Deformation 


CH, Twist 
CN Stretch 
C-N-C Defor- 


mation 


Calculated 

Sal : 
V/cm Description 
2873.2 Symmetric CH 


45959 


1048.0 


767.0 
LHAT ES Nes 


2569.9 


1458.8 
1S Deo) 
LOO See 


30 56 


295254 


1401.3 


1346.2 


Vt lg fs gh) 


Stretch 

CH, Deformation 
C-N-C and N-C-N 
Deformation 

C=N ecretcn 

CH. Twist 
Symmetric CH 


Stretch 


CH, Deformation 


CH, Twist 


CN Stretch 
C=N= oN -C—N 
Deformation 
Asymmetric 
CH stereccn 


CH, Twist, Wag 


2 


CH, Twist, Wag 


CN Stretch, 


CHo Twist 


(Table continued on next page) 
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Table 13 continued. 


Mode Type v/em + 


ihe 


Vv 
16 


P9e 


24 


2 


N 


i) 


Lay 


Experimental Calculated 
Description v/em + pescription 
1 = 911.4 CH, Rock, C-N-C 
Deformation 
= = 341.3 “C=N-C, N-C-=N 
Deformation 
Sag ey AE Asymmetric CH 2959.0 Asymmetric CH 
Stretch Stretch 
2873.6 Symmetric CH 2870.7 Symmetric CH 
Stretch Stretch 
1458.0 CH, Deformation 1459.4 CH, Deformation 
15 )0'.8 CH. wag L368 21 CH. Wag 
I Na Toyo CN Stretch P2170 (CN Strereh 
1004.3 CN Stretch 1014.5 CH, Rock, CN 
ScCrecci, vo-N-c 
N-C-N Defor- 
mation 
810.5 CH, Rock 623.3> \ENGStrerch 
671.0 C-N-C 662.0 8 Neo ve Lor 
Deformation mation, CN 


(Table continued on 


Stretch, N-C-N 


Deformation 


next page) 
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Table 13 continued. 


Experimental Calculated 
Mode Type v/em + Description v/em + Description 
Vos F, 52. 0 C-N-C 462.4 C-N-C Defor- 
Deformation mation, CH, 
Rock 


(a) The symmetry coordinates are arranged in order of 
decreasing contribution to the normal mode. Only those 
symmetry coordinates which contribute more than 15% 


to a normal mode are included in the description. 
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Table 14. Experimental and Calculated Symmetry Coordinate 


Description of the Normal Modes of HMT-d 


ia 
Experimental Calculated 
Mode Type v/em > Description v/em > Description 
Vy Ay 2109756 Symmetric CD 2108.8 Symmetric CD 
Stretch Stretch 
V5 A, List cD. Deformation 1126.2 cD. Deformation 
C-N-C, N-C-N 
Deformation 
V3 A OF 0) C-N-C Defor- 36Geer cD, Deformation 
mation N-C-N, C-N=C 
Deformation 
V4 A, 748.0 CN Stretch 1338.9 SCNe@streten 
Ve A, - - 505.0 CD, Twist 
Ve E - - 2097.6 Symmetric CH 
Stretch 
Va E L244 CD, Defor- Lisi CNeScreccen, 
mation cD. Twist 
Vag E 106970 CD. Twist LoGdAS cD. Defor- 
mation, CD. 
Twist 
Vg E 866.5 CN Stretch 849.3 CD. twist, 
CN Stretch 


(Table continued on next page) 
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Table 14 continued 


Experimental 


Mode Type v/em * 


10 


Pail 


E 


432.0 


2228.0 


20D sO 


Lik leew 


0.52.6 


PO oes 


Description 


C-N-C Defor- 


mation 


Asymmetric CD 
Stretch 
Symmetric CD 
Stretch 
CNeStretch 
CD. Defor- 


mation 


CD. Wag 


220920 


eZHGr 7 


ER ORO cans: 


B86 ae 


LoS 


Zeal: 


222 ao 


210089 


dk 9 Oimd 


LOISES 


LOW Lac 
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Calculated 
v/em + Description 
474: Sepconaon NaGeN 


Deformation 
Asymmetric 
CD Stretch 
CN Stretch 


CD. Twist, 


Wag, Rock 


CD. Twist 


CD. Rock 


G-N-C Detor— 
mation 
Asymmetric CD 
Stretch 
Symmetric CD 
Stretch 

CN Stretch 
CDa-Deton= 


2 


mation, CD. 


Wag 


CD. Wag, CN 


Stretch, CD. 


Deformation 


(Table continued on next page) 
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Table 14 continued 


Experimental 
Mode Type wen Description 
Vo F. S057 CN Stretch 
V53 F. 1 haps cD. Rock 
Vo4 F, 636.2 C-N-C Defor- 
mation 
Vos F, 408.3 C-N-C Defor- 
mation 
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Calculated 
v/om + Description 
89:73 Sali cD. Wag, Rock, 


135.3 


644.4 


3028 


C-N-C Defor- 
mation 

CN Stretch, 
CD. Rock 
C-N-C Detor= 
mation, CN 
Stretch, 
N=-C=N Defor- 
mation 

C-N-C Defor- 
mation, CD. 


Rock 


(a) The symmetry coordinates are arranged in order of 


decreasing contribution to the normal modes. Only 


those symmetry coordinates which contribute more than 


15 % to a normal mode are included in the description. 
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Chapter IV. The Infrared Spectra of Hexamethylene- 


tetramine Hydrate in Four Isotopic Modifications. 
IV.1 General. 

One of the biggest concerns in this work was to 
make sure that the spectra obtained were those of a hydrate 
whose impurity level was so low that it would not affect 
the spectrum. If distilled water and commercial HMT (which 
was shown to be pure enough for spectroscopic purposes) 
were used, only negligible amounts of extrinsic impurities 
were introduced. However, the solubility of HMT at 5°C, 
the temperature at which the hydrate was crystallized, is 
about 47% by weight (95), while the HMT accounts for 56.5% 
of the weight of the hydrate. Clearly, once the hydrate 
is formed, an excess of solution is left and the problem 
exists of separating the crystals from the solution as 
completely as possible. 

In the early stages of the work the mother liquor 
was simply decanted and the crystals were dried on some 
filter paper or on paper tissues. The quality of the X-ray 
photographs obtained at that time was not good enough to 
permit the detection of ice impurity because the powder 
obtained by grinding the samples by hand was not fine 
enough. The spectra obtained from these samples, though 
very similar to the spectrum of ice I near 3200 cm + (curve 


b, Figure 24), where the absorption due to the O-H stret- 
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Figure 24. The Voy #2°) band for a dried (curve a) and 


an undried (curve b) sample of HMT-h, 5°6H,O. 
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Figure 25. The Vop (P20) band for a dried (curve a) and 


an undried (curve b) sample of HMT-h, 5° 6D.,0. 
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ching vibrations is found (53-60), were dramatically dif- 
ferent from that of ice I near 800 cm + where the so called 
Vp band, due to the rotational vibrations of the water 
molecules, is found (53-60). The spectrum of the deuterate 
was different from the spectrum of D.0 ice I even near 

2400 cm™+ (curve b, Figure 25), where the O-D stretching 
vibrations absorb (53-60). All these facts were taken to 
indicate that the hydrate obtained was free of ice impurity 
and that, possibly, the spectrum of the hydrate was over- 
lapped, in the region of the O-H stretching band, by the 
absorption by small quantities of ice which condensed on 
the windows while the two parts of the cell were joined 
together. At that time a can without the side arm (Section 
II.3) was being used to prepare the infrared samples, and 
the spectra of the deuterate and of the mulling agent 
always showed a peak characteristic of H50 ice near 3200 
cmt, 

When the modified can with the side arm was devel- 
oped, it was possible to join the two parts of the cell 
without any ice condensing on the windows. This was proven 
in the following way: the cell was handled in the same way 
as when the hydrate samples were prepared, but no sample, 
or only Freon 13 which does not absorb in the region of 
3200 cmt, was placed between the windows. When the in- 
frared spectra were recorded no trace of ice absorption was 


found. Having eliminated the interference from condensed 
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ice, it was possible to study the shape of the Voy (2°) 
band of the hydrate. It was found that the shape of this 
band did not change appreciably when the samples were 
prepared avoiding condensation on the windows. 

The hydrate was later made from water containing 
5 atom percent of D and 95 atom percent of H, or vice versa, 
in order to study the O-D or O-H stretching vibrations of 


HDO molecules surrounded by H,O or D.O molecules, respec- 


2 2 
tively. The samples always showed four peaks due to 
Vop(HDO) or four peaks due to vo, (HDO). The intensity of 


i in the deuterate 


one of these peaks, at about 3277 cm 
containing 5 atom percent of H, and at about 2420 em + in 
the spectrum of the hydrate containing 5 atom percent of 

D, relative to that of the remaining peaks was found not 

to be reproducible for different samples. Since these 

peaks occurred at the same frequencies as the corresponding 
peaks in the spectra of isotopically impure light and heavy 
ice Ih, it was concluded that the hydrate was contaminated 
by small, but detectable, quantities of ice Ih. In the 
Meantime the Spex grinder had become available (Section II.2) 
and X-ray photographs of much higher quality were obtained. 
In these photographs a weak line at a 26 angle of 24° was 
identified. This line was found to be spurious because it 
wasS not consistent with the unit cell parameters determined 
by Mak (34). Moreover the 26 value was in excellent 


agreement with a strong diffraction of ice Ih. On these 
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Grounds: tietdvsiractiionilmne dite? 0 —<—024 > iwas sateéributed ato 
imerinsitce hice limpurity., eelhesproblemkofileliminating thus 
impurity from the hydrate was solved by drying the samples 
under vacuum as indicated in the experimental section. The 
X-ray diffraction photographs showed that this treatment 
effectively eliminated almost all of the ice from the 
samples. When the samples were dried until their decom- 
position had just begun (Section II.2), the ice line in the 
photographs almost completely disappeared. 

Another indication that the procedure was effective 
in producing a pure sample was given by the fact that the 
Voy (HDO) and V op (HPO) peaks at 3277 and 2420 cm + in the 
spectra of the isotopically contaminated deuterate and 
hydrate, respectively, almost completely disappeared in the 
samples which had been dried under vacuum. Two samples 
prepared towards the end of this work yielded spectra in 
which the spurious peaks were absent. 

Since there were indications that the hydrate had 
begun to decompose under vacuum, the presence of an excess 
of HMT in the samples was suspected, and confirmed by the 
presence in the x-ray photographs of a very weak line at a 
20@angilesofsabouts 172&) an, good) agreement with a diffraction 
of pure HMT (78). The spectral effects of HMT and ice im- 
purities were then carefully investigated. For the far- 
infrared spectra, a sample not dried, a sample dried for 


only one minute and a sample dried until onset of decom- 
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position were used. Although the X-ray diffraction photo- 
graphs of the above samples showed markedly different con- 
centrations of ice Ih, their far-infrared spectra were 
identical. 

The mid-infrared spectra of the isotopically 
pure hydrates which had been dried under vacuum were found 
to be dramatically different from the spectra of the earlier 
samples which had not been dried. The differences were, 
however, restricted to the Vox (H5°) band. Figure 24 shows 
this band for two different samples, one of which was dried 
under vacuum (curve a) while the other (curve b) was not. 
The Vop (P50) band of the deuterate was also affected, but 
less dramatically; as shown in Figure 25, only the relative 
intensities of its three maxima were found to differ in the 
spectra of the pure and impure samples. No differences 
were found in the remaining spectral regions for the hydrate 
or the deuterate. 

It was found that the most sensitive test for ice 
impurity in the hydrate or deuterate samples is the appear- 
ance of the v,,,(HDO) or Vg, (HDO) peaks at 3277 and 2420 om™+ 
in the isotopically dilute samples. These were still visible 


in samples that yielded Vou [H°) or V op (P29) bands which 


were characteristic of the pure compound (curve a of Figures 
24 and 25). It is not possible to give a definitive estimate 
of the ice impurity concentration in the hydrate samples. 


If the absorptivities of the hydrate and of ice were known, 
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the relative intensities of the Vox (HDO) and Vop (HDO) peaks 
due to the hydrate and to ice could give an indication of 
the purity of the samples. If one assumes that the absor- 
ptivity of the strongest peak in the hydrate is the same 

as the absorptivity of the Vox (HDO) peak in ice, then the 
concentration of ice Ih in a hydrate sample dried until on- 
set of decomposition was less than 1%. Although the above 
assumption is completely arbitrary, it is probably not too 
unrealistic. 

No absorption due to pure HMT was detected in the 
dried samples, and the absorptions due to enclathrated HMT 
were identical in the spectra of dried and undried samples. 
It is, therefore, concluded that the level of HMT impurity 
obtained by drying the samples under vacuum did not affect 
the spectra. 

In order to measure the concentration of hydrogen 
impurity in the ‘isotopically pure’ deuterate, the intensity 
ofthe Voy (HDO) peak at 3332 cm + was measured relative to 
that of the HM? peaks at 693.9, 812.9 ana’ 1462.6)cm~ Gn 
thevspectra’ of" ' isotopically pure™ deuterate’ and of deuterate 
containing about 10% of HDO. The relative intensity of the 
Voy (HDO) peak was about 10 times greater in the spectrum of 
the sample containing 10% of HDO than in that of the 
‘isotopically pure' sample. This confirmed that the HDO 
concentration was about 1% and, therefore, that the H 


concentration was about 0.5% in the 'isotopically pure' 
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sample, as was found by NMR studies on the liquid D.0 
(Section II.1). Hereafter those samples which were not 
deliberately contaminated with HDO will simply be referred 


to as the hydrate or the deuterate. 


IvV.2 The Mid-infrared spectra. 


The spectra of HMT-h hydrate, HMT-h deuterate, 


12 12 
HMT-d, 5 hydrate and HMT-d,. deuterate mulled with propane, 
propylene and Freon 13 at 90°K are shown in Figures 26 - 29. 
These spectra represent the raw data obtained in this work, 
and from the spectra of each compound in the three mulling 
agents, the spectra of the compounds themselves were com- 
posed. These are shown in Figures 30 - 33 and the frequen- 
cies of the features are listed in Table 15. The dashed 

line at about 920 cm + in Figure 32 represents an uncertainty 
in the spectrum due to the fact that all mulling agents 
absorb in that region. The spectra were obtained using the 
"twice standard' slit program of the Beckman IR 12 spectro- 


photometer. This yielded a resolution better than 5 cm? 


uf 


between 200 and 650 cm and better than 2.5 cna between 


650 and 4000 cm !. ‘The accuracy of the measured frequencies 
is generally worse than the accuracy of the calibration of 
the spectrometer, and depends on the breadth and definition 
of the feature concerned. An estimated error is given for 


Gach frequency in Table 15. The Irelativei:intensitiessor 


the features in Figures 30 - 33 are approximately correct, 
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Figure 30. The mid-infrared spectrum of HMT-h,.-6H.O at 


Vee 2 


90°K. The spectrum was composed from spectra of three dif- 
ferent samples each in a different mulling agent. The 


relative intensities of the peaks are approximately correct. 
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Figure 31. The mid-infrared spectrum of HMT-h, .*6D.0 at 
90°K. The spectrum was composed from spectra of three 
different samples each in a different mulling agent. The 


relative intensities of the peaks are approximately correct. 
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Figure 32. The mid-infrared spectrum of HMT-d, 5° 6H,0 at 

90°K. The spectrum was composed from the spectra of three 
different samples each in a different mulling agent. The 
relative intensities of the peaks are approximately correct. 
The dashed line at about 920 cm + indicates a region of 


uncertainty due to absorptions by the mulling agents. 
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Figure 33. The mid-infrared spectrum of HMT-d,.*6D,0 at 
90°K. The spectrum was composed from the spectra of three 
different samples each in a different mulling agent. The 


relative intensities of the peaks are approximately correct. 
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but high accuracy cannot be expected because the spectra 
were composed from many spectra of samples in all three 
mulling agents. 

The features reported in Figures 30 - 33 and Table 
15 were all consistently observed. The existence of some 
weak features was carefully investigated in order to make 
sure that instrumental artifacts or interference by the 
mulling agents were not reported as real features of the 
hydrate spectra. The only remaining uncertainties in the 
spectra arise from the interference by the mulling agents. 
The exact shape of the broad band at about 1600 cm? itn 
the spectra of the deuterates could not be determined because 
all mulling agents absorb weakly in this region. All 
mulling agents also absorb at about 1430 em™* and the exis- 
tence of two weak peaks in this region in the spectra of 


HMT-h hydrate and deuterate is very much in doubt. While 


TZ 
the peak at about 1425 cm + is only partially overlapped by 
a weak absorption of Freon 13 (Figures 26 and 27), and is, 
therefore, a real spectral feature of the hydrate, the 
existence of the peak at 1435 om + is much less certain and 
the frequency is reported in brackets in Table 15. A slight 
doubt exists about the shape of the high frequency side of 
the peak seen at 915 cm + in the spectrum of the hydrate 


of HMT-d (Figure 32) because all mulling agents absorb in 


12 
thiseregion. ©The: remaining features are believed to™ bem real. 


The first step in the detailed interpretation of 
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the spectra is the distinction between the absorption by 
the water molecules and that by the guest molecules. The 
only way to positively distinguish between these two types 
of absorption is to study the frequencies of the features 

in the different isotopic modifications. The frequencies of 
of the intramolecular and rotational vibrations of the water 
molecules should be about 30% lower in the spectrum of the 
deuterate than in that of the hydrate, while the peaks due 
to vibrations of the guest should remain unshifted, except 
for small changes due to interaction with the water modes. 
On the other hand any peaks which are shifted when HMT-d 


fi 


is substituted "for HMT-h, 5 can be assigned to vibrations 


of the HMT molecule. The assignment of the various features 


€O Water or HMT is ~shown “in “Table 25: 


The absorption by the water molecules. The 


nomenclature used below is defined in Section I.4. The 


Voy (459) bands of HMT-h,.*6H,O and HMT-d, 4° 6H.,O extend from 


about 2500 to about 3700 emi (Figures 30 and 32). Three 
broad maxima and two shoulders are easily identified in this 
region. In addition, several weak peaks are observed on 
the low frequency side of this band in the spectrum of HMT- 


h hydrate (Figure 30). These weak peaks, which are found 


1B? 
between 2900 and 3000 cm? , are not present in the spectrum 


OL EMi—a hydrate (Figure 32) and are certainly due to vib- 


LZ 
rations of the HMT molecule. The Vop (22°) bands of the 


deuterates (Figures 31 and 33) extend from about 2000 to 
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about 2700 Sao Three broad maxima and two shoulders are 
identified. Several weak peaks which overlap the low fre- 


quency side of the band of the deuterate of HMT-d (Figure 


Mes 


Soe oieanoe iwhatror HMT-h, 5 (Figure 31), are certainly due 


EO’ Vibrations ol the HMT-d, 5 molecule. The ratios) of the 


frequencies of the three maxima at 3014, 3120 and 3312 em + 


Ln ties (HO) band to those of the corresponding maxima 


OH 
in the Vop (P29) band are 1.336, 1.333 and 1.338) respectively, 
all = 10.004: 


The v (HO) band of the hydrates extends from 


R 
about 450 to about 1000 cm + (Figures 30,32 and 34). ‘The 
shape of this broad band is complicated by several sharp 

peaks, certainly due to absorptions by the guest, superim- 


posed upon it. A comparison of the spectra of the hydrates 


OL HMT-h, 5 (Figure 30 and curve a of Figure 34) and HMT-d 


L2 
(Figure 32 and curve a of Figure 36) leads to the assign- 
Ment of the features due to the vibrations of the H,O 


1 in the 


molecules. The broad maximum at about 900 cm 
spectrum of HMT-h, » hydrate can still be detected in the 
spectrum of HMT-d, 5 hydrate, althoughein themlatter ais 
partially obscured by an absorption of the guest. The 
region around 800 cm? in the spectrum of HMT-h, 5 hydrate 

is greatly complicated by the presence of several peaks 

due to vibrations of the guest molecule. Three broad maxima 


and a shoulder (at 784, 822, 840 (sh) and 863 em") can 


easily be recognized in this region in the spectrum of 
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Figure 34. The VR Dang On a. Samo le On HMT-h, 5 hydrate 


(curve a) and of a sample of HMT=-h hydrate containing 


2 
about 10% of HDO (curve b). 
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os 


HM Ta hydrate. The weak peak seen at 620 cm in the 


lee 
spectrum of HMT-h,, hydrate appears to be still present as 


a shoulder in the spectrum of HMT-d hydrate. “Of particular 


1 


I 
interest are the rather sharp peaks at 556, 571 and 589 cm 


in the spectrum of HMT-h, 5 hydrate. (Figure 30 and curve a 
of Figure 34). These are clearly also present in the spec- 
trum of HMT-d, 5 hydrate (Figure 32 and curve a of Figure 36) 
and must arise from vibrations of the water molecules. The 
shift of frequencies of these peaks on deuteration is not 
clear, but there can be little doubt that they arise from 
rotational vibrations of the HO molecules. 


The Vp (D0) band of the deuterate extends from 


= to about 750 one (Figures 31 jis30and, 35). 


about 350 cm. 
The features which are common to the spectra of the deuter- 


ates of HMT-h, 5 and -d,> are: three maxima at 645 (partly 


obscured in the spectrum of HMT-d,5°6D.0) , ol2 ‘and. 5/8 ons 
a shoulder at 550 em, a weak broad feature at 484 aie 
and two very weak peaks seen at 447 and 456 cm + in the 
spectrum of HMT-h) 5 deuterate and at 450 and 465 cm” + in 
the spectrum of HMT-d, 5 deuterate. All these features are 
assigned to rotational vibrations of the D0 molecules. In 


addition a broad, medium intensity peak, partly split into 
two components, is seen at about 420 om > in the spectrum 


(a HMT-h, 5 deuterate. Although peaks due to HMT are found 


at about this frequency in the spectrum of HMT-d, 5 deuterate, 


there is no doubt that the doublet seen at about 420 canes 
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Proure 35. The Vp band of a sample of HMT-h, 5 deuterate 


(Curve a) and of a sample’ of HMT-h, 5 deuterate containing 


about 10% of HDO (curve b). 
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Figure 36. The v, band of a sample of HMT-d, 5 hydrate 


(curve a) and of a sample of HMT-d, 5 hydrate containing 
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about 10% of HDO. The dashed lines indicate uncertainties 


in the spectrum due to absorptions of the mulling agent. 
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in the spectrum of HMT-h, .°6D.,0 “si due oltotatronal WAlb- 


rations of the D0 molecules, because it is not seen in 


the spectrum of HMT-h,.°6H.,0. 


The V 5 (H,0) band in the spectra of HMT-h hydrate 


a 
hydrate (Figure 28) shows 
i 


(Figures 26 and 30) and HMT -d, 5 


a distinct broad maximum at 1610 cm 


about 1690 and 1730 cm +. The corresponding band in the 


and two shoulders at 


spectrum of the deuterate of HMT~h, 5 shows a broad maximum 
at. 1200 cmt, while its high frequency side is obscured by 
an absorption due to the guest molecule. This band is not 
clearly visible in the spectrum of HMT-d, 5 deuterate because 
a broad doublet due to a vibration of HMT overlaps it ex- 
tensively. 


The 3v + V5 band is very broad and featureless 


R’YR 
in the spectra of both hydrates and both deuterates. Its 
ill-defined maximum is located at about 2250 cm} in the 
spectra of the hydrates and at about 1600 cm? in the spec- 
tra of the deuterates (Figures 26 - 32). 

Absorption by the hexamethylenetetramine molecules. 
The absorption peaks of the guest molecules are generally 
sharp and well resolved. A complete discussion and assign- 
ment of these features will be presented in Section V.2. 
Here attention is drawn to some differences between the 
spectra of the hydrates and of the deuterates which are 
believed to be particularly significant. 


In the spectrum of the deuterate of HMT-h three 
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sharp peaks and a shoulder are seen at 733.0) S229, 320.2 
and 825 cmt, eespectively Mrrgures: 3leand) 35)7 eoniere acan 
be little doubt that these features are due to the guest 
molecule because they are absent in the spectrum of the 


deuterate of HMT-d (Figure 33). The two low frequency 


12 
peaks have half-widths of about five cm, while the peak 
at 820 cm + is broader because a fourth peak overlaps its 
high frequency side, appearing as a shoulder at 825 om *, 
in the spectrum. of HMT-h, 5 hydrate a weak sharp peak is 


A and two badly resolved peaks are 


Seen ateabouc 625 cm 
seen at 805.2 and 810.2 cm + (Figures 30 and 34). The 
peak at 783.9 cm? 1s seen, in ethe hydrates specerum as a 


(H.O) band. In 


peak of medium intensity overlapping the Vp (A, 


summary the spectrum of the guest molecule in this region 
appears to be drastically different for the hydrate and 
deuterate of HMT-h, 5- More differences in the HMT absor- 
ption between the spectra of HMT-h) 5 hydrate and deuterate 
are seen near 1000 cm +. Four peaks are resolved in the 
Spectrum oL the hydrate, at 999237 1002737 ..510 18. 07and) 1027.3 
cm + (Figure 30). The absence of these peaks in the spec- 
trum of the hydrate of HMT-d, 5 (Figure 32) proves that they 
are due to vibrations of HMT-h, »- The peaks at 1018.0 and 


LO27 43 ai are not seen in the spectrum of HMT-h, 5 deuterate 


(Figure 31); a shoulder is instead found at about 1022 cm +, 


Finally, the components of the doublet at about 1240 cmt, 


which are very well separated in the spectrum of HMT-h, 5 
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hydrate (Figure 30), are barely resolved in the spectrum 
of the deuterate (Figure 31), in which they overlap, the 

V5 (D509) band. The assignment to HMT-h, 5 
doublets at about 500 and 670 cmt, of all peaks between 


of the two sharp 


L300 and 1500 cmt, and of the sharp absorptions between 
2880 and 3000 emis, is immediately obvious from a comparison 
of the spectra of its hydrate and deuterate (Figures 30 

and 31). This assignment is confirmed by the absence of 
these peaks in the spectra of the hydrate and deuterate of 
DM Cor. 


2 


The assignment of the peaks of HMT-d, 5 does not 


need a detailed discussion. An inspection of the spectra 
(Figures 32 and 33) reveals immediately which features are 
due to vibrations of the guest. Some significant differences 
between the spectra of the hydrate and of the deuterate are 
observed and attention will be drawn to them. A peak and 

a shoulder are seen at 733.6 and 736 om + in the spectrum 

of the deuterate (Figure 33), while in the spectrum of the 
hydrate two peaks are seen at 722.4 and 727.2 oe with 
two shoulders at about 717 and 734 cmt (Figure 32). 
Another significant difference is found at about 400 cmt, 
where the spectrum of HMT-d, 5 hydrate shows a peak at 405.7 


om + and a shoulder at about 403 om + (Figure 32), while 


1 


that of HMT=—d deuterate shows peaks at 400.5 and 417 enn 


ie 
The absorption by HDO molecules. The spectra of 


the hydrate and deuterate containing from 2 to 10% of HDO 
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molecules gave three kinds of information: 

(a) Peaks were seen due to the OH and OD stretching modes, 
V op (HDO) and Vop (HBO) , of HDO molecules surrounded by 
D,0 or H,0 molecules respectively. 

(b) Peaks were seen in the region of the Vp (4,0) and 
Vp (D0) which were not seen in the spectra of the pure 
hydrates and deuterate. 

(c) Changes were observed in one of the components of the 
Vp (H,0) band of the hydrates. 

Figure 37 shows the V ox (HDO) and V op (HDO) bands 


derived from the spectra of HMT-h deuterate and hydrate, 


2 
respectively, containing about 10% of HDO molecules. The 
frequencies and the half-widths of the bands are listed 
im Table 16. ‘The very weak features|at 3277 and 2420 cm”? 
(dotted lines in Figure 37) are due to very small amounts 
of ice impurity left in the sample. The ratio of the 
frequencies of the V oy (HDO) peaks to those of the corres- 
ponding v,,(HDO) peaks are 1.331 + 04009, 1.344 © 0.005 and 
1.352 + 0.005 for the low, middle and high frequency peak, 
respectively. The relative intensities are approximately 
t,27ana 4 for the low, middleyand) high, frequency peaks, 
respectively; their measurement is very difficult due to 
the difficulty of defining the baseline. 

Two peaks which are not present in the ‘spectra 


of the hydrate and deuterate are seen in the spectra of 


samples containing 10% of HDO. They are found at 500 and 
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Table 16. Frequencies of the Voy (HDO) and Vop (HBO) peaks. 


Voy (HDO) 

v/em + Int. Half-widen/cne- 
3050 (10) di 50: °F 510 

3184 (5) 2 Spee eh) 
8332/(5) 4 45a ce 0 

Vop (HDO) 

Senn 

2292(5) ic Site 0 

2369 (5) 25 Ssoyopeaa tb 


2464 (5) 4.5 S02 LO 
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at 859 cm +. The first is visible as a shoulder on the low 
frequency side of the absorption peak at 502.6 cmt in the 


spectrum of HMT-h hydrate (curve b of Figure 34), while 


2 
it appears clearly in the spectrum of HMT-d, 5 hydrate 
(Curvesb of Figure 36)j..) The peak ‘at 859 om + Le (oLeary, 


recognizable in the spectrum of HMT-h, 5 deuterate contain- 


ing 102 of HBO (Figure 35). 


The V p (H,0) band of HMT=-h hydrate is shown in 


12 


curve a of Figure 34, while curve b shows the spectrum of 


ea sample containing 10t of MDO. It is) Clear that the 


a 


sharp features between 560 and 600 cm ~ are broad and less 


pronounced in the sample contaminated with HDO. Figure 36 
shows the same effect, rather more pronounced, for the same 


band in the spectrum of HMT-d hydrate. No comparable 


a2 


effect was observed in the spectra of the deuterate of 


HMT-h, > (Pagure 35). 


IV.3 The Far-Infrared Spectra. 


The upper box of Figure 38 shows the far-infrared 


Spectra of HMT-h hydrate and deuterate at 100°K, while 


IW 


the lower box shows those of HMT-d hydrate and deuterate 


ae 
at 100°K. In both cases the hydrate spectrum is above that 
of the deuterate. The frequencies of the features and their 
estimated errors are listed in Table 17. Eleven features 


are clearly identified in all spectra, overlapping what 


appears to be a broad background absorption. The spectra 
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Table 17 —"Par-intrared frequencies for "the ydarate Of 


Hexamethylenetetramine in Four Isotopic Modifications 2"? 


HMT-h, 5 °6H,0 HMT-h, 5°6D.,0 HMT-d, .°6H,0 HMT-d,.°6D,0 


Ore BOs OW Tee ON Ure Saw WAS ehO sD) BW. 74.0(0.5) w 
5629025) Ss 95 #98(0:.9) Ss 2 ysbey M OR Ey es Yas oi(O Dis 
Neca CORED eri E20 OOo) em UZ0R S07) at gn toy a 
148,.8(0.5) s iS 2. (0s Sees 148.0(0.5) s 14 OA 0) as 
Leo (3) si 178 (3) sh- i286 (3) Shum gare ois) sh 
20264 Cb) Ss LIS .00L) Ss 2015 (2) Ss 194, (2) s 
229200) Ss 22a. OGL) Ss PAPAS SIGS) Ss BSF ite) Ss 
243. (2) m Coon Gs) m 242 7 (3) m 234 (3) m 
293° (3) W 21 3) W XW e al aGs})) w 2/65 3) W 
803751) m 29°6..0:(2) m 309 .0,(1) m 29.55 (ek) m 

SUS 00 0iess) era 
320% (2) W S07 ez) W S22; wih) W 
(a) Frequencies are in units of cm *, 
(b) w = weak; m = medium; s = strong; sh = shoulder. 
(c) Values in brackets represent the experimental error of 


the frequencies in cmt, 
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of the hydrate and of the deuterate of HMT-d > appear to 


r 
be somewhat broader and less well defined than those of the 


hydrate.,and: io£f,.the, deuterate of HMT-h, 5. This is not 


believed to be a real feature of the spectra, but rather 

to be due to the fact that the spectra of the hydrate and 
deuterate of HMT-d, 5 were less extensively studied and the 
Spectra are mom of tsuchiiawhigh quailitcywas senose? Oficina! AMT 


Ay» compounds. The existence of the features reported is 


beyond any doubt, but their shapes are rather uncertain, 
particularly for the broad bands. 


The half-widths of the four sharp peaks seen 


a 


bedow 150) cme are mbetweensl0<and 12 om + £63) a Ui ccompounds « 


It is not possible to measure them more accurately due to 
the uncertainty in locating the baseline. A very sharp 


peak is seen at 308 ante only in the spectrum of HMT-d, 5° 


6D,0. This peak is certainly due to an intramolecular mode 


of the guest molecule. The corresponding peak in the spec- 


Equmsof HMT=d hydrate is coincident with a water absorp- 


Bhs 
tion elo sivery ditiiucultitonevaluatesthe: haiteawidths.of 


the remaining peaks because they overlap very extensively. 
The three peaks at about 300 emi ineethemspecctrum onyHiMi= 


Ayo hydrate are separated by 12 and 18 cm + and are just 
resolved. Therefore, assuming that they have the same shape, 
their half-widths are probably between 12 and 18 one On 
the same grounds the half-widths of the two peaks at 228.5 


I 


and 240 cm! are about 11 cm and those of the two peaks 
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at abou. 200 cm + are about 16 cmt, It must be emphasized 


that the above values are to be treated with caution due to 
the assumptions that have been made and that the half- 
widths of these peaks are not necessarily physically sig- 
nificant. However, even a rough estimate of the half-widths 
is useful for the discussion of the spectra in Section V.3. 
It is clear from the observed isotope shifts 
that a distinction between water absorption and guest ab- 
sorption is not very meaningful in the far-infrared region. 
Some conclusions can, however, be drawn. The peaks above 
180 em? are clearly primarily due to translational vib- 
rations of the water molecules, Vp (HO) and Vp (D590) - The 
only peak which arises from predominantely HMT vibrations 
is cat 78 om 4 fox HMT-h, 5 and 74 cm? for HMT-d, 5- The 
peak at about 148 cm + for the hydrate and 143 cm * fOr 
the deuterate arises largely from water vibrations, but 
appears to be influenced by HMT as well. The remaining 
peaks, at about 120 and 95 ema, do not show a marked 
isotope shift for any single isotopic substitution, but 
move to lower frequencies as the molecular masses are 


increased. They are assigned to mixed motions of HMT and 


water molecules. 


Wig are X-ray Results. 


Thescrystal structure, of jtheshydrateavas: deter— 


mined at 253°K (34), but the infrared spectra were obtained 
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at 100°K. A knowledge of the unit cell parameters at 100°K 
was necessary to interpret some features of the infrared 
spectra and, as the closest approximation attainable, this 
was determined from X-ray powder photographs of HMT-h, 5 
hydrate at 120°K, These photographs could readily be in- 
dexed on the basis of the unit cell determined at 253°K 
and this was taken as evidence that no phase transitions 
occur between 253. and 120°K. 

The diameter of the diffraction lines of four 


different samples of HMT-h 2° 6H,O were measured to the 


at 
nearest 0.01 mm and the corresponding 26 angles and d 
spacings were calculated and indexed using as a guide the 
diffraction pattern calculated from the unit cell parameters 
at 253°KR.. The diffraction pattern observed at 120°K as 
reported in Table 18. The unit cell parameters at 120°K 
were then obtained by refining the unit cell parameters 
determined by Mak at 253°K to fit the diffraction pattern 

at 120°K. This was accomplished using DREF (132), a 
program written in FORTRAN IV for the University of Alberta 
IBM 360 computer. DREF accepts the experimental 26 values 
with the appropriate indices, the wavelength of the X-ray 
radiation and an initial set of unit cell parameters. It 
then refines these parameters to fit the observed dif- 
fraction pattern, using the least square method as a cri- 


terion for a good f£1t. The unre cell parameters at 120K 


were used to calculate the 0...0 and O...N bond distances 
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at the same temperature. Assuming that the fractional co- 
ordinates of all atoms in the unit cell remained unchanged, 
the values shown in Table 19 were obtained. The values 
found at 253°K (34) are shown in the same table for com- 


parison. 


£90 


Table 18 Diffraction Pattern of Hexamethylenetetramine 


Hydrate at 120°R. 


d spacing 
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Table 19. Structural Parameters of Hexamethylenetetramine 


Hydrate at -293°Rh (34) ™and -atel20 °K. 


At 253°K At 120°K? 
a 7 Mabe(30 > alta OS 11460 T0801 A 
C Be Rel e-file aecoetroeot nh 
a/c 1.340 + 0.002 1.350 + 0.002 
0,-0, (between rings) OVI GAataOmO ll EA no Roe TeAOak P 
0-0, (within rings) 2.766 + 0.011 A 2.76 + 0.01 A 
0,-N 2.816 + 0.009 A 2.79 t+ 0.01 A 


° 
“The wavelength of the X-ray radiation was taken as 1.5418 A. 
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Chapter V. Discussion of the Infrared Spectra of 


Hexamethylenetetramine Hydrate. 


The discussion of the mid-infrared spectra and 
that of the far-infrared spectra will be dealt with separ- 
ately. The main reason for this is that above 350 cm” + 
little interaction takes place between the vibrations of 
the water molecules and those of the guest molecules and 
the two can, by and large, be treated separately. Below 
350 emt, on the other hand, it is much more difficult to 


characterize the absorptions in terms of vibrations of the 


host or of the guest and a different approach is needed. 


V.1 The Mid-infrared Absorptions by the Water Molecules. 


Before discussing the bands due to vibrations of 
HO and D0, the bands due to Voy (HPO) and Vop (HBO) will be 
considered. These are at 3332, 3184 and 3050 cm? for 
Voy (HDO) and 2464, 2369 and 2292 cm + for V op (HDO) with the 
approximate relative intensities 4:2:1 in each case. The 
assignment of these peaks is not obvious. As shown in 
Section IV.4, two non-equivalent O...0 distances are found 
in HMT hydrate at 120°K, one equal to 2.76 A and the other 
equal to 2.74 Ae with multiplicities six and three respec- 
tively. Othen (123) has correlated graphically the weighted 


mean O...O distances with the frequencies of the isolated 


OD stretches of ice I, II, V, VI and IX and of the hydrate 
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of ethylene oxide. He obtained a rather wide spread of 
points, but all points referring to ice II and IX (except 
one) lie very close to a straight line, while all points 
referring to the disordered phases of ice and to ethylene 
oxide hydrate are within 8 em + of a second straight line 
having a different slope from the first. The first straight 
line predicts that Vop (HDO) is 2450 and 2438 cm? LOGRO oO 
distances of 2.76 A and# 22474 A, respectively, while, if the 
second correlation is used, frequencies of about 2421 and 
2403 cm? are predicted. 

No reliable correlations are available of the 
frequencies of V oy (HDO) vibrations with the O...N distances 


in O—-D...N systems. A correlation reported by Nakamoto 


(124) is based on cyclic systems of the type 


for which the N-O-N angle lies between 75 and 82° and the 
possibility exists that the proton might be associated 

with the nitrogen atom instead of with the oxygen atom. 
Such a correlation is clearly not useful to the present 
works © Falki(125) ‘has*studrvedsthe Vop (HDO) vibration of 

the hydrate of trimethylamine in which an O—D...N bond has 
been reported (126). He found a single peak with a maximum 

1 


at 2420 cm ~. No features were assigned to the OD stret- 


ching vibration of ‘the O—De5.N bonds Therefore tic trelpable 
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guidelines are available to assign the V oy (HDO) and 

V op (HDO) vibrations associated with the O—H...N bond. 
This complicates the assignment of the O-H...O vibrations 
as well. 

A possible interpretation, based on the literature 
precedents, is to assign the peaks at 3332 and 2464 cm” + 
to the OH and OD stretching vibrations associated with the 
0...0 distance of 2.76 A, the peaks at 3184 and 2369 cm ~ 
to the OH and OD stretching vibrations associated with the 
Ope. sOastancesoln2 74 A, and the peaks at 3050 and 2292 
cm > to the OH and OD stretching modes in the O-H...N and 
O-D...N bonds. In order to make the observed relative in- 
tensities consistent with the assignment and with the fact 
that there are as many O-H...N groups as there are O-H...O 
groups with an 0O...0O distance of 2.74 A, one has to assume 
that the dipole moment change involved with an O-H...N vib- 
Faction 16 halfiof that of an O-H...0 vibration. 

The frequency separation of the two nonequivalent 
O-D...0 vibrations is difficult to reconcile with the cor-= 
relation between O...0O distances and OD frequencies found 
by Othen (123). A frequency separation of 12 or 18 cm > 
is predicted by the two possible correlations, while the 
observed frequency separation is 95 cmt, Although all cor- 
relations between O...O distances and frequencies of OH 


vibrations are rather crude, a discrepancy of the magnitude 


observed in this case is very unusual and is such as to 
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invalidate the assignment. 

For this reason the following assignment is 
preferred. The evidence supporting this assignment is quite 
limited, but, at the present state of knowledge, it is not 
possible to find a more logical explanation and an alter- 
native assignment is proposed as the simplest and most 
plausible hypothesis which fits the experimental data. 

The assignment is based on the different coordin- 
ations of the two different types of oxygen atoms in the 
structure. The oxygen atoms of type 1 (Figure 1) are en- 
gaged in three hydrogen bonds, donating two protons and 
accepting only one, while the oxygen atoms of type 2 donate 
two protons and accept two. There are, therefore, two 
types of hydrogen bonds, that in which the proton acceptor 
is a three coordinated oxygen (O,) and that in which the 
proton acceptor is a four coordinated oxygen (05). In the 
hydrate structure there are twice as many hydrogen bonds of 
the second type as there are of the first type. It seems 
logical to suppose that the frequency of the OH stretching 
vibration associated with hydrogen bonds of the first type 
is lower than that of the OH stretching vibration associated 
with hydrogen bonds of the second type. The Voy (HBO) and 


(HDO) peaks at 3332 and at 2464 cmt can be assigned to 


Yop 
the OH and OD stretching modes of the 0, -H...0, and 0,-D...0, 
il 


bonds, respectively. The peaks at 3184 and 2369 cm ~ can 


be assigned to the V oy (HDO) and Vop (HDO) modes of the 
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O,-H. ° 20, and O,-D. ° -O, 


2292 ee can be associated with the Voy {HDO) and Vop (HDO) 


bonds, while the peaks at 3050 and 


vibrations of the O-H...N and O-D...N bonds. Since there 


are twice as many O “H...0, bonds was (O-—-H.....O7 DONG sma ne 


1 2 1 
relative intensities of the two higher frequency peaks are 
consistent with this assignment. The lowest frequency peak 
is half as strong as would be expected on the grounds that 
Chere are ac many O.-H..-N bonds as there are O5-H...0, 
bonds. However, there is no reason why the dipole moment 
derivative with respect to the OH stretching vibration 
should be the same in the two systems. If the dipole 
moment derivative for an O-H...N vibration is half as large 
as that for an O-H...O vibration, then the observed inten- 
sities are consistent with the above assignment. On the 
other hand, since no unequivocal experimental data are 
available on the frequencies and intensities of OH stret- 
ching vibrations in hydrogen bonded systems in which the 
oxygen acting as a proton acceptor is three coordinated, 
the Voy (HDO) and V op ‘HDO) vibrations of the O5-H...0, and 


0O,-D...0O, groups could alternatively be assigned to the 


2 1 

peaks at 3050 and 2292 cm + andthe Voy (HDO) and Vop (HDO) 
vibrations of the O-H...N and O-D...N groups could be 
assigned to the peaks at 3184 and 2369 cmt respectively. 
Some support for the assignment of the different 


frequencies on the basis of the coordination of the proton 


acceptor is derived from a study published by Bellamy and 
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Pace in 1971 (127). These authors reported that the fre- 
quency of the OH stretching vibration for the 1:1 complex 
of phenol and dimethylacetamide in carbon tetrachloride 
solution is some 90 om? lower than the corresponding fre- 
quency for the 2:1 complex. In the following discussion 

it will be assumed that the peaks at 3050 and 2292 cmt are 
due to the O-H...N' and O-D...N bonds. 

The width of the V oy (HDO) and V op (HDO) absorptions 
is now discussed. These peaks in HMT hydrate are slightly 
broader than the corresponding peaks in the spectra of ice 
Ih, while they are much narrower than the corresponding 
peaks in the spectra of ice V (58), ice VI (60), and 
ethylene oxide hydrate (62). Only one crystallographically 
independent O-O distance is found in ice Ih (53), while 
seven are found in ice V, ranging from 2.766 to 2.867 A 
(128), five are found in ice VI, ranging from 2.773 to 
2.840 A (129), and in the hydrate of ethylene oxide four 
different O-O distances range from 2.745 to 2.821 A GESCH be 
The half widths reported for V oy (HDO) and V op (HDO) peaks 
are (the values for V op (HO) are in brackets): 30 (18), 
5m CGO), eel 2Ur GLO), Meco O) mtorr eLCow ly el COnVeei Coe Vis and 
ethylene oxide hydrate, respectively. Although a quan- 
titative correlation between the distribution of 0...0 
bond lengths and the half widths of the Voy (BDO) and 
Vop fHDO) peaks is not available, it seems at least qualit- 


atively established that the two quantities are related. 
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From the systems mentioned above, the half-width of a 
Vox (HPO) peak arising .fromya single crystakloguaphic On: 30 


distance in a disordered phase of water is the 30 cm 


observed for ice Ih. In the ordered forms of ice the cor- 
responding half-width value is about 8 em +. The half- 
widths of the V oy (HBO) peaks in HMT hydrate are all about 
50 om, The width of the two high frequency peaks may 
reflect the contribution. to each’ peak by, bonds 2.7/4. and 
2010 A long. This does not however explain the width of 
the peak assigned to the O-H...N bonds, which remains 
unexplained in detail. 

These half-widths do not give any indication of 
the partial ordering of the hydrogen atoms in the HMT 
hydrate. In particular, the peaks due to the O-H...N and 
and O-D...N vibrations are broad although this hydrogen 
position is ordered. It therefore appears that the disorder 
over the whole structure overcomes the order at the O,-H...N 
sites and causes the positions of the oxygen atoms of type 
2 to be disordered, and this in turn causes a distribution 
of OH stretching frequencies which is responsible for the 
breadth of the peaks. 

It has been seen in Section I.4 that no satis- 
factory explanation exists of the shape of the Von (420) 
and Vop (229) absorption bands, either for the ordered or 
for the disordered phases of ice. Coupling of the OH 


stretching vibrations and the lack of symmetry due to the 


420 dtbkeQied edd .svods 
O.. nstensnolnadingta:sigate + sek gelatine Aaa! lage, 
“go QE of ef aetiew 20 oandg Derabsendh » at cometeth 
sadiaiianlial «cbvieceieball .AT 998 103 bovisado. 
“tisd Sct ies @ suods ef oni dsbiwetied pribaoqeet 
juods [Lb 35 eunibyl TMM at shana (OdH} gv oa3 20 adsblw 
yam saoq. vonoupdat dpi amd edd 20 tabiw ody "ma OF 
bis bt. S abitod) we state iia od noltedtzzaee gy quelses 


26 fabtw at aisiexe xevewod gon esob aldT .paol A oN ee 

atisnes totale .ehaod U,..H+0 sdt os bonpiees Asog oct 

-[tstab al beaisiqnzeny 

to noltecibat gas svip ton ob edehiw-iisn seadt 

TH efY at efose Aoposbyd ed? Jo pakash70 {sisxeq edt 

bre Vv... 8-0 ‘6nd o3 eub etaeq sis ,1elwnitrsg a1 -odsabyd 
sspoxbyd sins devedtis heed e716 vaotssrdiv 4..-d-0 bas 
Yebuowtbh od +edt eiseqds oadZeveds 21 .bershro 2! moltiaog: 

Wi. ..H+<0 snd Js 18h |dt semdoxeve siptovaztes slosw sf4 Fee 
says to emolde nepyno eit tq pmotttebg ey ageves has eotie 
noltucdiatalb — @s20Kno heli etd? bas ,betsbsceth sd ot § 

sig 402 eidienoqest ek Hoidw aaionauper? pnidoteise HO 30 

-wAnog edz? To itbeetd 

~aivne on tone b.T Slocam ad ine‘ aete ae at. 5 
| (0.8) gi at Yo egade ott To sielke aotdganiaxs yrotos? 
A Bibasbag oie abt, xeMitte yabnad atoqiosds (0,9) gov bas 
: 7 #0 sdf o pakiquod ave th conte Sree ey 
ee ‘eatonmys 26 Hoel eds bis enotsaydiv pridetests 


19.9 


Orientational disorder were thought to be responsible for 
the breadth of these bands in the disordered phases. This 
explanation fails to account for the breadth of the cor- 
responding bands in the spectra of the ordered ice phases. 
It is noticable, however, that the Voy (H29) and vop (D9) 
bands of these phases show rather more structure than those 
of the disordered forms (58). 

The frequencies of the three maxima of the 
Vox (#29) band (at 3312, 3120 and 3014 sae et and the Vop (22°) 
band (at 2475, 2341 and 2256 cm +) are quite close to the 
frequencies of the Voy (HDO) peaks (at 3332, 3184 and 3050 
cm") and vo) (HDO) peaks (at 2464, 2369 and 2292 cm”), 
respectively. This suggests that, following the assignment 
of the Voy (DO) and Vop (HDO) peaks, the high frequency 
maxima of the Vox (42°) and Vop (229) bands arise predominan- 
tly from 0,-H..-0, 


3120 and 2341 em7? arise primarily from O,-H...0) cm and 
a 


and 0,-D...0,5 vibrations, the maxima at 


9-D...0, vibrations, and the maxima at 3014 and 2256 cm 


from O,-H...N and O0,-D...N vibrations. A simple calculation 


shows that the splitting due to intramolecular and inter- 


O 


molecular coupling between different OD (or OH) oscillators, 
and the consequent broadening of the band, is much smaller 
in the hydrate of HMT than in ice Ih. This is due to the 
fact that the two OD stretching frequencies characteristic 
of the O-D oscillators on oxygen 1 are both 2464 em 2 and 


the frequencies of the OD vibrators on oxygen 2 are 2369 
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and 2292 cma Moreover, the nearest neighbors of each 
water molecule are water molecules of the other type, 
characterized by OD stretching frequencies which are suf- 
ficiently different to severely limit the effect of inter- 
molecular coupling. 

The intramolecular coupling was estimated by a 
norma, icoordinate’.cal culation ~iniwhichonoe sinteracbion 
force constant was used and is, thus, simply the kinetic 
coupling through the common oxygen atom. The force con- 
stants were calculated from the Vop (HDO) frequencies and 
the calculations showed that the Vop (29) frequencies of 


i 


the D.0 molecules about oxygen 2 are within 10 cm ~~ of 


for the H,0 frequencies), 


while those of the D0 molecules about oxygen 1 are about 
35 em + above and below the Vop (HDO) frequency (20 cm + 


the vop(HDO) frequencies (5 cm 


for the HO) frequencies). The intermolecular coupling 
was estimated by a calculation on two OD oscillators 

with no common atom, but with an interaction force con- 
stant between the two oscillators. The value of this 
constant was -0.124 mdyne See as found for ice I by Haas 
and Hornig (131). The,intermolecular coupling: in HMT 
hydrate was found to change the frequencies by less than 7 
em > for OD vibrations and 8 ema foreOHnvibrations ;awnich 


at 


is about eight times less than the 50 cm ~ for O-D and 70 


ee for O-H vibrations calculated for ice I. Therefore 


the calculations show that the O,-D...N and O5-D...0, 
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vibrations are little affected by intramolecular and inter- 
molecular coupling, while the intramolecular coupling causes 
the splitting of the 0,-D...0, vibrations of about the 
same magnitude as in ice. The intermolecular coupling is, 
however, eight times smaller in the hydrate than in ice. 
These results are consistent with the interpretation of the 
Voy (H9) and V op (229) bands proposed above. The fact that 
the two lower frequency maxima in each band are much narrower 
than the high frequency maximum is also consistent with the 
results of the calculations, which show that the high fre- 
quency vibrations are separated by intramolecular coupling 
much more than the two lower frequency vibrations. 

The bands at about 2250 cm + in the hydrates and 
about 1600 cm? in the deuterates are clearly due to the 


combination and overtone transitions, V5 + VR and 3y that 


R! 
cause similar bands in the ices and in ethylene oxide 
hydrate. Similarly, the bands at 1600 cm? in the hydrates 
and 1200 cm + in the deuterates are due to the HOH or DOD 

angle deformation mode, Vor and, possibly, the first over- 


tonevofs thes). vibrations; 2Vpr as is the case in the ices 


R 
and in ethylene oxide hydrate. The extra feature seen at 
abotiten /50 cm? in HMT hydrate may well be associated with 
the different types of hydrogen bonding in HMT hydrate, 

but no definitive interpretation of these bands can be made. 


The oxygen atoms occupy sites of diffraction 


symmetry C., but the orientational disorder of the water 
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molecules lowers the site symmetry to C A unit cell group 


1° 
analysis on the proton ordered structure, in which the six 
water molecules in the unit cell occupy C. sites, yields 

for the 18 rotational vibrations of the water molecules 

the representation 2A, + 4A, + 6E under the unit cell group 
Ca. The Ay and E modes are infrared and Raman active, 


while the A, modes are inactive in absorption and in the 
Raman effect. Eleven features have positively been assigned 
to H,O or D0 vibrations between 400 and 1000 cm + where the 
Vp (H50) and Vp(D,0) vibrations are expected to occur. The 
isotope shift of these features identifies them as due to 
rotational vibrations of the water molecules but a detailed 
assignment can not be made. Even in the case of the ordered 
phases of ice many features of the spectrum of the rotat- 
ional vibrations are largely unexplained (58). In the 
hydrate of HMT there is the additional complication of the 
partial proton disorder which should make all vibrations 
infrared active irrespective of the wave-vector. The den- 
sity of vibrational states for the rotational vibrations 

is not known, nor is the intensity distribution function. 

It seems, therefore, impossible to completely distinguish 
between those features of the infrared spectrum which are 
due to zero-wave-vector vibrations and those which are made 
active by the disorder. 


‘I 


The peak seen at about 571 cm ~ in the spectra 


of the hydrates can be confidently assigned to a zero-wave- 
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VeECCOr "rotational vibration of the HO molecules. This 

band is broader and weaker in the spectra of hydrate samples 
contaminated with a small quantity of deuterium. The same 
behaviour was observed by Bertie and Whalley for the sharp 


features of the V p(H,0) heystea’ (D0) bands, of tee Tl and (1x 


R 
(58). These authors interpreted this as being due to re- 
laxation of the zero-wave-vector selection rule and mod- 
ification of the long-range nature of the vibration by the 
isotopic impurities. This interpretation is probably valid 
for the 571 cm? peak of the present hydrate and it is of 
interest that this behaviour is seen even although the 
structure is not fully ordered. The corresponding mode of 
i 


the deuterates is expected to occur at about 425 cm~. 


The spectrum of HMT-d deuterate is complicated in this 


12 
region by HMT absorptions, but in the spectrum of HMT-h, 5 
deuterate a doublet is seen which is certainly due to 
rotational vibrations of the D,0 molecules. This absorption 
was not affected by the presence of hydrogen impurity in 

the sample. No firm explanation was found for the fact 

that the 571 cm + peak of the hydrate broadened but no 
changes were observed in the corresponding peaks of the 
deuterate when isotopic impurities were added. It is 
possible that the form of the vibration is different in the 
hydrate and in the deuterate and that the rotational vib- 


ration of the H,O molecules giving rise to the absorption 


hep voy Tiab cmt is essentially a zero-wave-vector vibration, 
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but the vibrations giving rise to the peaks at 415 and 


425 cm 2 in the spectrum of the deuterate of HMT-h are 


a 
not. 

The Vr bands in HMT hydrate and deuterate also 
resemble those of the ordered forms of ice in that they 
show far more structure, after allowing for the structure 
due to the HMT vibrations, than the corresponding bands in 
the disordered forms of ice and ethylene oxide hydrate. 
This can be said to reflect the partial order of the hyd- 
rogen atoms in HMT hydrate, and it is of interest that these 


features are present even though the hydrogen atoms are not 


fully ordered. 


V.2 The Intramolecular Vibrations of Hexamethelenetetramine. 
Tfithe disorder of the protons positions iseig— 


nored, the HMT molecules occupy sites of C symmetry. The 


3V 


correlation between the representations of the point groups 


TeeanaaG is given below. 
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Raman active, while the A, modes are inactive in absorption 
and in the Raman effect. All vibrations of the HMT molecule, 


with the exception of the methylenic twist of type A are 


2! 
expected to become active under the diffraction site and 
unit cell groups, both of which are isomorphous with the 
point group C3. Each of the F. modes should be split into 
two infrared active components, while all Fy modes should 
be split into an infrared active E component and an infrared 
inactive A, component. 

Before the assignment of the bands due to HMT-h, 5 


and HMT-d can be discussed, certain differences between 


ie 
these bands in the spectra of the hydrates and deuterates 
must be rationalized. These differences were briefly men- 
tioned in Section IV.2 and must arise from interactions 
between the vibrations of the HMT and water molecules. 

The significant differences between the geometry of the 

HMT molecule in the hydrate and in pure, solid HMT clearly 
indicate that quite strong, static forces due to the sur- 
rounding water molecules act upon the HMT to lower its 
symmetry from Ty to C3y- These forces cause the splitting 
predicted above, but if no other forces were present, should 
allow the spectrum of the hydrate to be arsuperposition® of 
the spectra of HMT, under the site group symmetry, and of 
the water molecules. The differences between some of the 
HMT absorptions in the hydrate and in the deuterate clearly 


show that dynamic interactions also occur between the vib- 


add itiw cutdqznnicgi sid iotaw 46 Sad “uae 
digi aktge sd Biyorts genom WV ortt! Hey nee 2 -a0one Saea 


binevia, extron _% ftp ai inw ,ethencomee 6vites ‘tertaztad owt - 


herent ne Bria hile % ae en Setentmd ap oes Mige-ed 
| Ldnomodias Qf svesoead 
d-Tan ef sch #hded odd To Aoimipléese ord eroted - a 
teewaad pstneistelh, cletyso -hesevnetS ed neo gy Poth Ons 
verpiebiab but 283exbuil $49 Yo etassqe edt of abasd seedy, 
-som yvilsitid Ssisw dnwiat wie sped! .bestleqotist sd tema 


$f 


sac Stopretni novi setra geam Soe S.¥2 meigges nt benoit a” 
_adleceiom uadew bas TAH) arta enataesdlv eds nsewsed . 
ete Go vatempep arts meavted aeons rethik sanoitinete oft 


viseato- TMH Diloe , sui gy Pas sverbyli Say ns oiysetom TME 
—qwe oft of sub abaxol olgade ,paGase* saiup det odentbatk 
adi Iswol of TRH sic nee 709) selasafan iste pakbatror 
paittifge silt saved asviet see! .).9 oh pt woud yrsommye 
Bivode dneeery StaW-gou202 santo oo 3) dnd ,eveds derolbexg 
ey inaittabzadque a) Fa/bm) edethys Sas Bei manson, O67 wolts 
3> bre ,Yeienme quone eate srt aebnw mi 20 exroegd Jel 


7 


J 
: 


ya 
" 
a 


206 


rations of the HMT and water molecules. These effects 


could arise from forces similar to those which cause the 


reduction in site symmetry, or could arise from the inter- 


action between the vibrational dipole moment 
HMT and water molecules. It is not possible 
from the present data which mechanism is the 
and, in this situation, it seems appropriate 


those HMT absorptions which show the smaller 


changes on the 
to determine 

more effective 
to assign only 


effect of this 


dynamic interaction. In the next two paragraphs the dif- 


ferences between the spectra of the hydrates 


and deuterates 


are discussed in order to decide which HMT absorptions are 


less influenced by the dynamic interaction. 


The two peaks near 1240 cm? 


iL 


and 8.3 cm apart in the spectrum of HMT-h 


12 


are well resolved 


hydrate, but 


are poorly resolved in HMT-h) 5 deuterate although they are 


Stilley. 2 cm + apart. It is clear that in the deuterate 


the HMT modes interact with the underlying V5 (D590) modes, 


more than they interact with H,0 modes in the hydrate. 


The HMT-h, 5 


ul 


absorption between 800 and 850 cm is quite 


different in the spectra of the hydrate and deuterate, and 


it is clear that considerable interaction between the 


HMT~-h modes and the underlying Vp (HO) modes occurs in 


Le 
the hydrate, while the corresponding HMT-h, 5 


modes are less 


influenced by the DO vibrations in the deuterate. It is 


less easy to understand the differences between the spectra 


of HMT-h, 5 


th 


hydrate and deuterate near to 1020 cm. For 
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the hydrate, four peaks are seen, at 999.3, 1012.3, 1018.0 
and. 10 2053 Se. while for the deuterate peaks at 998.6 

and 1012.6 and a shoulder at 1022 cm + are seen. On the 
grounds that interaction with the modes of the partially 
disordered water molecules is likely to increase the breadth 
of the features observed, these spectra can be taken to 
indicate that more interaction takes place in the deuterate 
than in the hydrate. However, neither the H,0 or the D.0 
molecules have fundamental absorption assigned in this 
region, although both undoubtedly absorb quite strongly 
through overtone and combination transitions, as is the case 
in ice Ih (133), and the origin of the interaction is un- 
clear. 


The spectrum of HMT-d deuterate contains peaks 


12 
a(ueTie lenis eiil GEG OS eS ae 
1 


12 hydrate. con- 


tains peaks at 722.4 and /27.2 Gh and snoulders at 77 


and 734 cm. The HO molecules absorb more strongly in 


thvs region than the D,0 molecules, and it is probable that 


the HMT-d modes are less influenced by interaction with 


2 
the water molecules in the deuterate than in the hydrate. 
HMT-d,. causes peaks at 400.5 and 417 em + in the spectrum 
of the deuterate, andw@at 405.78watheta’ shoulder at’ 403 ene 
inetthateof<the! hydrates “nethis dsetitrappears that inter- 
action with Vp (D509) modes increases the separation of the 
two HMT-d, 5 features. 

In the following discussion an assignment of the 
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features of the infrared spectra is proposed under the 
assumption that the proton disorder does not disturb the 
selection rules or the symmetry of the vibrations approp- 
riate to the Cay diffraction unit cell group. The HMT 
molecules are’ sufficiently far apart that vibrational coup- 
ling between them should be very small. It is also assumed 
that the frequencies of the modes of HMT in the hydrate are 
very close to the frequencies of the corresponding modes 

in pure HMT. This assumption seems quite reaonable in view 
of the fact that only weak bonding exists between the water 
and the HMT molecules. A detailed assignment is not pos- 
Sible because the observed peaks cannot be assigned to HMT 
modes of specific symmetry under the unit cell group. The 
modes are therefore numbered according to the modes of pure 
HMT from which they are believed to derive. For clarity, 
upper case letters are used to designate the symmetry of 
the modes of pure HMT, while lower case letters are used 


for the modes of HMT in the hydrate. 


Viger Hexamethylenetetramine-h, ,. 


The assignment is summarized in Table 20, and is 
presented below for each type of vibration. 

The CH stretching modes. These modes form the 
representations 3a, ta, + 4e in the point group Cay Of 


the seven modes which are in principle infrared active, 2a, 
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Table 20. Correlation Between Frequencies of Pure HMT-h, 5 


and Frequencies of HMT Vibrations in the Hydrate. 


a ee ee eee 


HMT-h, 5 HMT-h, 5 Hydrate 
a I TET I ha IRS Cine ane sa Fara OTE 
Mode -1 aa 
Number Type v/com Type v/com 
Bieo 
Vv F e 37 Zia 
18 ? 341.3° 
Yio E 463.0 e - 
502.56 
Vv F Sl 2a a, ore } 
25 2 t B12 6 
| 670.9 
v F 67.1.0 a, ore 
24 : + 692.0 
Uy Ay LIQ ay 783.9% 
S12 29% 
* 
V5 3 F. 810.5 ay +e S20'32 
S250. 
a 
925 
Vas Fy 3 ) 93432 
911.4 
999.3 
Vo2 FP. 1004.3 ea 7S 
BOL 2 ees 
Vg E 1015 e L027 3s 
V3 Ay 1042.0 ay 104253 


(Table continued on next page) 
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Table’ 20° continued 


HMT-h, 5 HMT-h, 5 Hydrate 
Mode uy a 
Number Type v/cm Type v/om 
1054.5* 
ay + 2a. 
Vi6'Y24 AjtEtF, 1056.8% 
+ 3e 
+P, POG 4.75 
1078° 
Av) F e 12szie 
ae : laeaes 
2 Sie O 
V5q FP, 236515 ay ore 
aS 5 
a 
y F aoe 2 1335? 
3 1 p 
SAG 
Ve e 1349.2 e Bie yoy Ses) 
374216 
V50 FP, 370.0 ay ore > 
S826 > 
. F 1401. 2° 2 1389.2? 
ee 1 
La 0 
+ + i 
Vatvog Fo 1440.6 ay e f, GLa 3250) 
PAa2 0 
V5 A, - ay 1446.0 
V4 E 454-2 e 1454.0 


(Table continued on next page) 
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Table 20 continued 


2) 


HMT-h Hydrate 


v2 2 
Mode =i ot 
Number Type v/om Type v/om 
Vio F, 1458.0 a, ore } ue Oe 
1463.0 
(€ 
Vo3tVo4 1490 1486.2 
VE E 2860 {nr 20oDm o* 
"3 2a, + 2e } 
Vy A, 287382 Z209Seps 
Vig Fy 23 (340 
29:16 * 
- = 2 O54 ay ic } 
PRS OS UL A ayia: 
v F PELE Fa Ue 2016 
11 1 + as + 2e ! 
* 
V47 F. 2954.8 29169 
a = 3 ~ PASSION 


(a) Determined by Mecke and Spiesecke (86) from combination 


transitions. 


(By" "Obtained from ‘calcu lations (Sectiom LIT ns 


(c) Assigned Mecke and Spiesecke (86). 


* indicates frequencies obtained from the spectrum of the 


deuterate. 


me Pp 
“2, TEeS. ; 
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*0.00RS 


and 2e modes are derived from symmetric CH stretches, while 
la, and 2e modes are derived from asymmetric CH stretches. 
Seven features are seen in the spectral region between 2880 
and 3000 cm + in the spectrum of HMT-h,,-6D,0. Four of 
these are of medium intensity and three are weaker. The 
two medium peaks at 2885.5 and 2893.5 cm + are assigned to 
the 2a, and 2e modes derived from Vir V6 and Vig? all of 
which are expected to have very similar frequencies. The 


ul 1 


peak at 2961.5 cm ~ and the shoulder at 2969 cm are 


assigned to the ay and 2e modes derived from the assymetric 


CH stretches, and v The medium intensity peak at 


al ere 


PAS SEAS: cm + can be assigned to the first overtone of a methy- 


lenic deformation mode (V5, Sore) 


19? ° 


The H-C-H deformation modes. These modes form the 


7 


. “fhe 


representation 2a, + 2e under the point group Cay 


methylenic deformation vibrations of type E and For V4 and 
Vig were observed at 1454 and 1457 om™+ respectively in 


the’ spectrum of pure’ HMT, while the [requency of the A, 


mode, Vor was calculated at 1459 com>, Seven or eight 


features are seen between 1420 and 1490 om™+ an the Spectra 


Of- HMT=h hydrate and deuterate. The two strong peaks at 


12 
1461 and 1463 Fie and the weaker features at 1454 and, 


iL 


possibly, at 1446 cm ~ can be assigned to fundamental vib- 


rations derived from yy, v4 and V19 of pure HMT-h, 5- Com- 


bination transitions were observed at 1429.3 (weak) and 


1440.6 on > (medium) in the infrared spectrum of HMT-h, 5 
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and each should split into two transitions in HMT hydrate. 
The peaks at 1427, 1433, 1442 and, possibly, 1446 om + can 
be assigned to these transitions. The weak peak at 1486.2 
cm * is tentatively assigned to a combination of the vib- 


rations at 812.9 and 672.2 cm 


The methylenic wagging modes. The representation 


formed by these modes in the point group C3. is a, + a, + 


2e, so three peaks due to these modes should be seen in the 


infrared spectrum of the hydrate. The observed frequency 


of the F, wagging mode, y5), in pure HMT is 1370 cm, and 


the Fy coordinate was calculated to contribute to the vib- 


Patvonce at 1401.3 and 1346.2 cue Two of thé 


ores ie dos 


peaks seen a b37476, 1382.5 sand 1369.2 cm + in the spec- 


trum of the hydrate can confidently be assigned to the ay 


and e components of Vogt while the e mode derived from Vi 


Can be assigned to the third component of the triplet. 

The methylenic twisting modes. These modes form 
the representation 2a, + 2e. A peak due to a twisting mode 
Gi type ec, Vgr was observed in the spectrum of pure HMT at 
T3492 om and the mode of type Fi was calculated to con- 


tribute to the normal modes. calculated at 1401.3, Vio and 


ih 
1 V13° 


to the weak peak seen at 1351.5 cm> 


1346.2 cm. The e mode derived from Ve is assigned 


i in the spectrum of 


the hydrate, while the e mode derived from v,, is assigned 
to the peak at 1335 aries The peaksrat 1351). s.andsios 


om * are both very weak and this is consistent with the 
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fact that methylenic twisting modes are normally weak in ab- 


SOrpeton, (134)4 


The methylenic rocking modes. The representation 


formed by these modes in the point group Cay is ay te aas Ze. 


The e mode derived from y (type Fi) is assigned to the 


ile) 
peak at 934.2 cm + in the spectrum of the hydrate. It was 
seen in Section III.8 that no F. mode of HMT-h, 5 could be 
characterized as predominantly a rocking mode, but rather 
the symmetry coordinate characteristic of the rocking mode 
contributed to V9 and Vo5 and, to a lesser extent, to V3 
and Vo4e The modes to which the rocking mode contributes 
appreciably are therefore assigned in the discussion of the 
ring modes. 

The ring modes. The C-N stretching modes) sorm, Ene 


representation 3a, + as + 4e under the point group C and 


az 


additional ay and e modes, which are predominantly C-N 


stretching rather than CH. rocking vibrations, must be 


aye 


assigned. The ay mode derived from V4 is assigned to the 


dl 


strong peak at 783.9 cm ~ in the spectrum of the deuterate 


and the e mode due to Vo is assigned to the peak at 1027.3 


om™* in the spectrum of the hydrate. Ihe ay and e modes 


derived from Vor" Y22 and Vo3 are assigned at 1237.0 and 


1245.3 cm 2, 998.6 and 1012.6 cm? and 812.9 and 820.2 cm, 


respectively. 


The C-N-C deformation vibrations form the represen- 
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tation 3a, cf a, + 4e under Cs. The ay mode derived from 
V3 is assigned to the peak of medium intensity seen at 

IEG Mrs! cm? in the spectrum of the hydrate. A weak and a 
strong peak and a shoulder, at 1064.0, 1056.3 and 1054.3, 
remain to be assigned to this region. They are assigned to 
the components of the combination vibration which gives rise 
to the strong infrared peak seen at 1048.0 cm? in the spec- 
Erun Of HMT-h, .. This peak was assigned to the combination 
Of “an Fy and F, mode (86) and, if this assignment is cor- 
rect; has Ay, E, Fy and EF. components under the point group 

T 3: These components give rise to four infrared active tran- 
sitions under the C3, point group, and these can have dif- 
ferent frequencies. The e mode arising from Vio is not 


seen in the spectrum of the hydrate or of the deuterate. 


The e mode arising from y 
i 


16’ whose frequency was estimated 


to be 378 cm ~~ by Mecke and Spiesecke (86) from the fre- 
quencies of combination bands, is assigned to the peak of 
medium intensity at 372.4 cm + in the spectrum of the 


hydrate. The a, and e components of Vo4 are assigned to 


il 
the doublet wt 670.9 and 692.0 em * and the components of 
Va. are assigned to the two peaks at 502.6 and 512.6 cm >, 


Dee 


VV atone Hexamethylenetetramine-d, ,. 


The assignment is summarized in Table 21 and is 


presented below for each type of vibration. 
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Table 21. Correlation Between Frequencies of Pure HMT-d, . 


and Frequencies of HMT-d in the Hydrate. 


12 
HMT-d, 5 HMT-d, 5 in Hydrate 
Mode -l -l 
Number Type v/om Type v/eom 
hie 2, oy oa e 309.1% 
403.2 
Vo5 FE, 408.3 ay ore } 
405.7 
Vio E | EEA (8) e - 
639i 
Vo4 FE, 636.2 ay ore } 
664.2* 
T3520" 
V53 F, 1255 ay ore } 
736* 
* 
V4 Ay T4820 ay 750 
oe Fy 759.5> e 800% 
Vo E 866.5 e 848* 
a 
Via Fy 888.1 e 
903.0)" 
V5 FE, Shee ws 7 ay ore 
2 A Ss 
932.6* 
931 
Wh oe ee) Aye et ee Oo 
1cg=25 936 1 1 
939* 


(Table continued on next page) 


+E, T re 
*a.see 
: velar + 6 Pa * 
5 ee oe 


7) aie We -| 


Po aed 


Table: 2) continued 


HMT-d, 5 HMT-d, Hydrate 
Mode -l -1 
Number Type v/om Type v/om 
V3 A, Sr Ashai6 ay 992.6* 
ee a 1058.3° e 1000*? 
Veg E 1069.0 e 1O5)2).0;* 
LOWS cS 
DB F, 1075.3 Sal Os } 
1089.0 
TO ee. 
V59 F, PLO 520 ay or e } 
11S Se? 
V5 E La 2.4 e PU 2D 
V5 Ay ise 4 ay 1139? 
eye 
ee F, tee a, ore } 
1L9028 
a 
Vio Fi 71 On 7 e = 
o E 2097.6° e 
20905 en 
Vv F 205% 0 a, ore 
18 2 i 2114.2 
Vi Ay 210926 ay 
Via Fo Pee Me Nests e - 
V7 FE. 222060 ay ore ~ 


(ayeeObtained £rom calculations (Section TILES) 


* 
These frequencies were obtained from the spectrum of 


the deuterate, all others from the spectrum of the hydrate. 
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The CD stretching modes. The considerations pre- 
sented for the CH stretching modes also apply to the CD 


stretching vibrations. One would therefore expect to see 
four peaks near 2100 om + due to the 2a, and 2e modes based 


on the symmetric CD stretches and three peaks near 2225 om + 
due to the ay and 2e modes based on the asymmetric CD 
stretches. However, no peaks due to vibrations of HMT-d, 5 


are seen above 2200 om + in the spectra of HMT-d hydrate 


nz 
and deuterate and the asymmetric CD stretching modes pre- 
sumably absorb too weakly to be observed. This is consis- 
tent with the fact that the asymmetric CD stretching mode 
is very weak in the infrared spectrum of HMT-d, 5. Even 

the assignment of the CD symmetric stretching modes is far 
from obvious. Several peaks, none of which is particularly 
prominent, are seen between 2085 and 2200 em™?, The peaks 
at 2095.7 and 2114.2 are tentatively assigned to fundamen- 


tal vibrations because they are the most intense peaks 


close to the frequencies of the fundamentals in pure HMT. 


The D-C-D deformation vibrations. V5 was ob= 
served at 1131.4 cm + in the Raman spectrum of pure HMT- 
d,,- Either the shoulder at 1139 cmt in the spectrum of 


the hydrate or the peak of medium intensity at 1142 emt 


in the spectra of the deuterate and hydrate can be assigned 


to the a, vibration derived from Vos The e mode derived 


A, 


a 


from Veg is assigned to the strong peak at 1052 cm ~ in the 


spectrum of the hydrate. This is about 20 cm? lower than 
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in the Raman spectrum of HMT-d, 5, but the only alternative 

is to assign it to the medium intensity peak at about 1078 
=a : : ; 

cm ~, which is far more likely to be due to a wagging mode, 


as discussed below. of pure HMT-d is predominantly 


iD) 12 


a methylenic deformation (Section III.8) and was observed 


ater om? , The two peaks seen at about 1107 and 1115 


=) ; 
cm in the spectra of the hydrate and deuterate are assig- 


ned to the ay and e components of Voo° 


The methylenic wagging modes. The assignment of 


the infrared active e component of v is very dubious. 


HIRE 
The frequency of V3 in pure HMT-d, 5 is not known from 
experiment, but was calculated to be 1058.3 ene Its e 


component is tentatively assigned to the weak peak at 1000 
em > in the spectrum of HMT-d, 5 deuterate, and the large 

frequency difference may reflect errors in the calculated 
value. The ay and e components of Vo. which was observed 


Soe C7 Seema esi i pure HMT-d are assigned to the peaks 


ee 
ate Oeoae rand .1069..0 cm + in the spectrum of the hydrate. 


The methylenic twisting modes. Vor predominan- 


tly a twisting mode, was observed at 866.5 cm7+ in the 
Raman spectrum of HMT-d, 4+ The very weak peak at 848 em? 
in the spectrum of the deuterate is assigned to this ‘mode. 


The frequency of the Fo twisting mode, Viar of pure HMT-d, . 


1 (Section III.8). No peaks 


was calculated to be 888.1 cm 
which can be assigned to the e component of this mode are 


seen in the spectra of the hydrate or deuterate near to 
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this frequency. The very weak peak at 800 om”? in the 


spectrum of HMT-d deuterate could be assigned to this 


12 


mode, but it is so far away from the calculated frequency 
that this mode is best left unassigned. 


The methylenic rocking modes. The calculated 


frequency of the F, rocking mode, v (Section 111.3) “is 


1. 


Dey 


759.5 cm Its e€ component is tentatively assigned to the 


peak at 800 cm + in the spectrum of the deuterate. The FP. 


22 037 (OA 25° 


HMT-d, 5 and none of these modes can be characterized as 


predominantly a methylenic rock. The modes to which the 


rocking vibration contributes to wv and wv 


EF rocking vibration contributes are therefore assigned in 


the discussion of the ring modes. 


the scing smedess2 “The A, CN stretching vibration 
(v,) was seen at 748 om + in the Raman spectrum of pure 


12? the ay mode derived from it is tentatively assig- 
1 


ned to the very weak peak at 750 cm 


HMT-d 
in the spectrum of 
the deuterate. If this assignment is correct, it is some- 


what surprising that the absorption is so weak compared to 


1 ig HMT-h, 5 deuterate which was 


assigned to the corresponding mode of HMT-h, 5- This casts 


the peak at 783.9 cm 


some doubt on the assignment, but no plausible alternative 
is available. The e mode derived from V4 is assigned to 
the very weak peak at 1122.5 cmt in the spectrum of the 


hydrate. The ay and e components of Vig and Vo3 are 
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assigned at 1177.7 and 1190:8 cm + in the spectrum of the 
hydrates; ands 733',6vand 736 cm + in thet spectrum ofe the 


deuterate, respectively. 


The Ay C-N-C deformation mode, V3 rs @atno75 em + 
in pure HMT-d, 5, so the a, component of this mode is assig- 


th 


ned to the weak peak at 992.6 cm in the spectrum of the 


deuterate. No peak is seen in the hydrate or deuterate 


spectra that lies at a frequency close to that: of vy To) 


10” 


this mode is left unassigned as was the corresponding mode 


of the hydrate and deuterate of HMT-h The peak at 309 


ipa 


oe 
cm IDeaLhenspectrumeoreHMi-—d deuterate can confidently 


1zZ 


be assigned to the e component of y by analogy with the 


16’ 


assignment of the hydrate and deuterate of HMT-h, 5 on the 


grounds that the frequency of Vig was calculated to be 277 


ae (Section TEDS8)e sThe ay and e€ components of V4 
1 


which occurs at 636.2 cm in the spectrum of pure HMT-d, 5, 


are confidently assigned to the peaks seen at 639.7 and 


i 


664.2 cm in the spectrum of the deuterate. The a, ande 


components of Vo5 can be assigned at 403 and 405.7 cm? in 


ut 


the hydrate and 400.5 and 417 cm~ in the deuterate. 


Vidette aDLSCussion. 

All the prominent peaks and most of the weaker 
peaks due to HMT-h, 5 and HMT-d, 5 were logically assigned, 
onwthesgrounds «that theimetrequencies /lieacloseRtoRthe 
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frequencies of corresponding modes in pure HMT. Conversely, 


the great majority of the modes expected under the C3. 


site group were assigned. Both facts make the assignment 
internally consistent and support it. The most uncertain 
assignments are those in the CH and CD stretching regions. 


For HMT-h, 5 and HMT-d, 5 no peaks could be found 


in the hydrate or deuterate spectra which could reasonably 


be assigned to the e mode, the doubly degenerate 


Lee 
C-N-C deformation mode. found iat 462, and. .432 en in pure 


HMT-h, 5 and “dios 


to be weak or missing in addition compounds with iodine 


respectively. This mode also appears 


and bromine. Weak peaks were assigned to this mode by 
Shiro et al (87), but were not reported by Bowmaker and 
Hannan (135,136). It is reasonable to suppose that the 
absorption by this mode in HMT hydrate and deuterate is 
masked by the water absorption. A CD., twisting mode of 
symmetry e under Cay" derived from the Fy twisting mode of 
pure HMT, was also left unassigned. This may be due to 
LES, Low intensity, or may. indicate, that the calculated ne- 
quency for this mode in pure HMT-d, 5 LS ny CGrons 

No attempt was made to characterize the com- 
ponents arising fromthe splitting, of ithe F, modes by their 
symmetry type. . Calculations carried out, by.Shiro, etal 
(87) on molecular complexes of HMT with bromine and iodine 


indicate that the a, components are always to the high 


frequency side of the e components, but, since no exper- 
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imental evidence for this was provided and since there is 
no obvious theoretical reason why this should be the case, 
it is preferred here to leave the question of the symmetry 
of the modes open to further experimental work. The Raman 
polarization behaviour that can be obtained from the study 
of the Raman spectrum of an oriented single crystal should 
make it possible to characterize the vibrations according 
to their symmetry type. 

Some comments can be made about the separation 


of the two components derived from the F, modes, but only 


2 
those peaks which can confidently be attributed to this 
source and whose separation is clear will be discussed. 
For each of these doublets, Table 22 shows the separation 
between the components, the separation divided by the 
frequency of the corresponding mode in pure HMT, the mean 
frequency and the frequency of the corresponding mode in 
pure HMT. For each isotope the mean frequency in the hy- 
drate and deuterate is higher than the corresponding fre- 
quency in the pure compound except for Vo5 for which the 
mean frequency is lower than the frequency in pure HMT. 
Vo4 is the mode which is most affected by the lowering of 
the symmetry; the absolute and relative magnitude of the 
splitting are the largest observed. Marzocchi and Ferroni 


(88) found the same to be true for the addition compounds 


of HMT with I,, Bro, IBr and ICl. They reported that the 
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Table 22. Splittings and Shifts of the Components of the 
F. Modes in the Spectra of the Hydrates of HMT-h, 5 and -d,>5 
a a a a 
Mode ie ve | eae | /Vp yan | on 
1 2 2 
2 
Vos 10.0 OF 0195 507.6 D120 
Vo4 M4 Ake At 0703.13 681.5 67720 
HMT-h, , V53 USE 0.0900 816.5 31055 
V5 14.0 OF0139 1007.6 1004.3 
Voq iG 6) 0.0067 1241.2 23 6)e0 
Vo4 26702 0.0409 650.1 OS06e 
V53 2.4 O=0055 1345.0 12540 
v 8.0 0.0088 907.3 905.7 
22 
HMT-d, , 
Voq UO See 0.0095 108329 0) fe & 
Vong Baa 0.0078 dA HILO) yes @ 
Vig Ste 0.0112 1184.2 LN ere 
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1 


splitting “of y 4 for the complex with iodine was 72 cm 


2 
or, in relative terms, 0.11, while the relative values for 
V53" Vo0 and Vo 1 were 0.023, 0.027 and, 0.013, respectively. 
All of these values are two to four times as large as those 
found in this work. This indicates that a larger pertur- 


bation is introduced by the bonding in charge transfer 


complexes than by the hydrogen bonds in the present hydrate. 


V.3 The Far-Infrared Spectra. 


The observed isotope shifts of the spectral 
features below 360 om + proves them, with one exception, 
to be due to translational modes of the water molecules 
and to translational and rotational modes of the HMT 
molecules. The only feature in this region which is not 
due to the lattice vibrations mentioned above is the peak 


seen at about 309 cm in the spectra of HMT-d hydrate 


2 
and deuterate; this has been assigned to the e component 
of V6 of HMT-d,.- 
If the site symmetry of the water molecules is 
taken to be Cor that is, if the orientational disorder of 
the water molecules is ignored, the translational vib- 
rations of the water molecules form the representation 
4A, + 2A, + 6fF under the unit cell group which is iso- 
morphous with the point group C3,. The translational vib- 


rations of the HMT molecules form the representation 


A, +E, and their rotational vibrations form the represen- 
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tation A, + E. The representation formed by the acoustic 
modes is A, + E, so the representation formed by the genuine 
translational vibrations of the water molecules and tran- 
slational and rotational vibrations of the HMT molecules is 
4A, et 3A. + 7E. The Ay and E modes are allowed in absorp- 
tion under the unit cell group selection rule, while the 

A. modes are inactive. The orientations of the water 
molecules in the hydrate are partially ordered. The posi- 
tion near the oxygen atom along the O...N bond is fully oc- 


cupied, while the two hydrogen positions along the O O 


1°79 


bonds have, according to Davidson (38), degrees of occupancy 
2/3 (positions a and e of Figure 1) and 1/3 (positions c 
and of “FigureslL).” It -has been +seen “in “Section els4"that 
theory predicts the zero-wave-vector vibrations that are al- 


lowed under the unit cell group selection rules to be in- 


oe is different than zero 
OQ ave. 
2 


dis. 


frared active provided that ( 
and all vibrations to be active if (sB) is different 

than zero. In a fully disordered system of hydrogen bonded 
water molecules the hydrogen atom along an O...0O bond is 
near either one of the oxygen atoms at random over the whole 
crystal. It is obvious that the dipole moment change 

caused by the stretch of an O-H...O bond is opposite in 

sign to that cuased by the stretch of and O...H-O bond. In 
a fully disordered system, therefore, the average over 


diffraction-equivalent bonds of the dipole moment derivative 


with respect to bond stretching is most probably zero, and 
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therefore (SE) 


2 
ais. 


as is most probably zero. The most probable 


value of a is non-zero and one expects disorder- 
allowed absorption but no order-allowed absorption. In 
partially ordered systems, on the other hand, diffraction- 
equivalent bonds which show partial order in their hydrogen 
positions, yield an average dipole moment derivative with 


respect to? bondstretching: ditferent (from (zero ~randi ithe 


vibrations which are allowed under the unit cell group 


selection rule have finite Sele and are infrared active. 
2 e 
reba is also non-zero, as long as some degree of dis- 


order is present, and disorder-allowed absorption is also 
expected. Thus, according to the theory, both unit cell 
group allowed absorptions and disorder allowed absorptions 
should be seen in the spectra of partially disordered 
systems. By analogy with the spectra of ordered and dis- 
ordered ice phases, it can be expected that the unit cell 
group allowed vibrations yield absorption peaks with half- 
widths of >storal0 cm + and that these will be superimposed 
on a broad, continuous absorption, which may itself contain 
reasonably sharp maxima due to disorder allowed vibrations. 
Ice V and ice VI are known to be partially ordered 
(47,48). Hydrogen sites with degrees of occupancy of about 
O, about 1/2 and about 1 were found in the’ structure of 
ice Vj, while the: details ofthe structure;of ice WVirarepnot 
known. In the far-infrared spectrum of ice V three rather 


sharp peaks at 146, 126 and 95 cm? are superimposed on a 
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very broad absorption. It seems clear that the sharp ab- 
sorptions are due to zero-wave-vector vibrations active 
under the unit cell group selection rule because of the 
partial order. No sharp features are seen in the far- 
infrared spectrum of ice VI and, since the details of its 
partial ordering are not known, it is not possible to 
explain the absence of unit cell group allowed absorptions. 
However, only five translational vibrations are active in 
ice VI under the unit cell group selection rule, while 18 
are active in ice V. It may be the case that the unit cell 
group allowed vibrations of ice VI are hidden by the very 
strong disorder-allowed absorption, while in ice V three of 
the possible 18 order-allowed absorptions are strong enough 
to be seen. 

Eleven features are seen in the far-infrared 
spectrum of hexamethylenetetramine hydrate and, since eleven 
are predicted by group theory, it is logical to assign them 
to the zero-wave-vector vibrations. The half-widths of the 


u are; ihowever, all greater than 10 cm? 


; = ih 
and, in some cases, may be as large as 18 cm ~, and are all 


peaks above 150 cm. 


greater than observed in the ordered phases of ice. This 
may indicate that some of the features reflect maxima in 
the density of states curve rather than order-allowed vib- 
tations, but this 1S not necessarily the case. ff an in- 
tense, sharp, order-allowed peak is superimposed on a broad, 


disorder-allowed absorption, one would expect it to be 
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broader than a corresponding peak in a totally ordered 
System. The disorder-allowed vibrations nearly degenerate 
with the order-allowed one can almost certainly interact 
with it and borrow intensity from it through anharmonic 
interactions, thus broadening the peak. Clearly one can- 
not be sure of the assignment of these features to order- 
allowed vibrations, but this assignment is postulated pen- 
ding further evidence. Such evidence may result arom the 
Raman spectrum of this region, because the order-allowed 
vibrations are expected to be more intense relative to the 
disorder allowed ones in the Raman spectrum than in the 
infrared spectrum, as is observed for ice Ih (137). 

The isotopic shifts of the peaks below 150 cm) 
show that only one of them can be characterized as arising 
from vibrations of the HMT molecules, while the remaining 
three are due to mixed vibrations of the HMT molecules and 
the water molecules. The peak at 78.2 cm + Pie spec unum 
of HMT-—h *6H,0 is shifted to lower frequency by about 63% 


1 


in the spectrum of HMT-d °6H,0, while substitution of DO 


12 2 
for HO does not shift it appreciably. This peak is, there- 
foreseduéotova vibration LoOLsHMien GBhethesharmonresapprex— 
imatvonoholds Jasubstrtutiion of HMT-d, . for HMT-h, should 
shift the translational vibrations of the HMT molecules by 
4.2%, while the degenerate rotational vibration perpen- 
dicular to the c axis should be shifted by 8.9%. The 


rotational vibration parallel to the c axis forms the rep- 
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resentation A, and is inactive according to the unit cell 


group selection rule. The peak at 78.2 eine is, therefore, 


assigned to the E type rotational vibration of the HMT 
molecule. The isotopic shift is less than expected under 
the harmonic approximation, and this is undoubtedly due to 
anharmonic effects or to interaction between rotational 


and translational motions. 


1 


The peak seen at 96.3 cm ~ in the spectrum of the 


hydrate of HMT-h does not show a marked isotope shift 


2 


when any one isotopic substitution is carried out. It 


shifts about 0.6% when HMT-d is substituted for HMT-h 


Z ee 


and about 0.5% when D.0 is substituted for HO. The shift 


when both isotopic substitutions are carried out is about 
1.9%. This behaviour clearly indicates that the mode which 
gives rise to this absorption is a mixture of the trans- 
lational vibrations of the water molecules with vibrations 
(probably translational) of the HMT molecules. 

The peak seen at 121.5 cm * in the spectrum of 


the hydrate of HMT-h 2 behaves analogously. It shifts 1.2% 


1 


when DO is substituted for H, 12 


stituted for HMT-h, 5 and 1.8% when both substitutions are 


carried out. This peak can, therefore, be thought to arise 


O, 0.6% when HMT-d is sub- 


from mixed translational vibrations of the water molecules 
and the HMT molecules. 
The peak at 148.8 om 1 in) the spectrum of the 


hydrate of HMT-h,, is shifted by 3.9% in the spectrum of 
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the deuterate of HMT-h by 0.5% in the spectrum of HMT- 


Ze 


d,5°6H,0 and by 4.9% in the spectrum of HMT-d, °6D,0. i 


2 
can, therefore, be concluded that this absorption arises 
mainly from translational motions of the water molecules, 
with some contribution from translational vibrations of the 
HMT molecules. 

The isotope shifts of the features above 150 cm + 
are more difficult to evaluate accurately, because of the 
breadth of the features and the consequent large errors 
involved in measuring their frequencies. All of these 
frequencies are shifted to lower frequencies by about 3.1 
to 5.8% when D.0 is substituted for HO, while their fre- 
quencies are little affected by the substitution of HMT-d, 5 


for HMT-h small shifts are seen, but they are within the 


tee 
limits of the errors involved in measuring the frequencies. 
It can, therefore, be concluded that all features. seen 
above 150 me are due to vibrations of the water molecules. 


Nothing more can be said at this stage about the nature of 


Ene. VLorations. 
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CONCLUSION 

Several firm conclusions were reached in the 
course of this work, while further experiments are needed 
to clarify some points. The infrared and Raman spectra of 
HMT-h, 5 and -di5 were carefully established experimentally 
and interpreted in detail. The assignment of these spectra 
is based on positive experimental evidence and is supported 
by a normal coordinate analysis. 

The transverse and longitudinal optic components 
of the infrared active modes were resolved and characterized 
in the Raman spectra of single crystals of HMT-h, 5 and 


-d This is believed to be the first time that such a 


2) 
splitting is positively characterized in the Raman spectra 
of molecular crystals. The static dielectric constants 

of the two isotopic modifications of HMT were determined 
by applying the Lyddane-Sachs-Teller relation. An indepen- 
dent determination by dielectric methods is desirable in 
order to compare the values obtained by the two methods, 
but this is beyond the aims of this work. 

The spectrum of the hydrate of HMT was inves- 
tigated in detail, The absorption bands due to vibrations 
of the water molecules were assigned by comparison with 
the spectra of the ice phases. An assignment of the peaks 
due to the Voy (HPO) and Vop (HDO) vibrations is proposed. 


The frequency of the O-H stretching vibrations is postulated 


to be greatly affected by the nature of the proton acceptor 
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in; thewhydrogen bond. Peinwparticular the stretching 
frequency of an OH bond hydrogen bonded to a three co- 
ordinated oxygen appears to be much lower than that of an 
OH bond hydrogen bonded to a four coordinated oxygen. It 
is hoped that more work on hydrogen bonded systems con- 
taining three coordinated oxygen atoms will be done, and 
that this will test the validity of the assignment pos- 
tulated in this work. The shape of the Voy (#59) and 

Vop (259) bands has been interpreted in some detail and it 
has been shown that the effect of coupling is smaller in 
HME shvodvrace than an ce FE, 

The absorption peaks due to enclathrated HMT 
were assigned; this assignment is, however, not complete 
because of the lack of polarization data. The Raman spec- 
trum of an oriented single crystal should discriminate the 
Ay and E modes because the latter are active in the x(yz)y 
polarization geometry, while the former are not. The 
difficulties associated with these experiments are not 
minor and it was thought appropriate to terminate the 
work without the Raman results. 

The Raman spectrum of the hydrate should also 
help int the sdetailed interpretation oc the Tar-intrared 
spectra. Indeed the polarizability change associated with 
a normal vibration is less susceptible to the effect of 


orientational disorder than is the dipole moment change. 
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This implies that any features which appear in the in- 
frared spectrum because of the disorder, may be absent in 


the Raman spectrum. 
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